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The net zero energy building (NZEB) has 
been paid attention to internationally 
through last decade. Under the Finnish 
circumstances, there is a lack of knowledge 
and information that can help decision 
makers to deﬁne the NZEB consistently. In 
this thesis, some of the most important 
aspects of the NZEB and its applicability are 
investigated comprehensively. These 
aspects are the balance metric, energy 
matching capability, and economic viability. 
Integrating renewable energy systems with 
high efﬁcient energy buildings to fulﬁll the  
NZEB balance is inevitable. More attention 
is paid to micro and small scale multi-
generation systems including combined 
heat and power (CHP) technologies and 
combined cooling, heating, and power 
(CCHP). The multi-generation systems 
provide energy efﬁciency and 
environmental beneﬁts due to generating 
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Abstract 
The net zero energy building (NZEB) has been paid attention to internationally through last 
decade. Under the Finnish circumstances, there is a lack of knowledge and information that can 
help decision makers to deﬁne the NZEB consistently. In this thesis, some of the most 
important aspects of the NZEB and its applicability are investigated comprehensively. These 
aspects are the balance metric, energy matching capability, and economic viability. Integrating 
renewable energy systems with high efﬁcient energy buildings to fulﬁll the NZEB balance is  
inevitable. More attention is paid to micro and small scale multi-generation systems including 
combined heat and power (CHP) technologies and combined cooling, heating, and power 
(CCHP). The multi-generation systems provide energy efﬁciency and environmental beneﬁts  
due to generating on-site electrical and thermal power for a building simultaneously. The 
results show that regarding the NZEB balance metric, based on the Finnish data, the four 
common NZEB deﬁnitions are ordered according to the easiness of achievement as follows (1) 
NZEB-Finnish CO2 eq-emission (2) NZEB-Finnish primary energy (3) NZEB-cost and (4) 
NZEB-site. Domestic scale biomass CHP is not the best solution for the NZEB to replace a 
centralized power supply. Regarding the energy matching analysis, an overall weighted 
matching index (WMI) is developed. It combines the extended matching indices handling on-
site energy systems involving electrical and thermal energy forms, energy conversions, various 
storages, and hybrid grid connections multiplied by certain weighting factors expressing the 
preferences of each. The WMI weighting factor calculation model is proposed physically and 
mathematically. An example for a micro-cogeneration application is conducted to illustrate the 
operability and comprehensiveness of using the WMI. The WMI's weighting factor calculation 
model proves that it is generic and applicable to hybrid micro-generation options. Regarding 
economic viability, the investigated biomass-based CHPs are economically viable only with 
high overall efﬁciency and low power-to-heat ratio due to both low investment and operational 
costs. The biomass-based CCHPs do not have economic or environmental beneﬁts over the 
biomass-based CHPs. 
This thesis shows that bioenergy-based CHP technologies could be promising integrated 
renewable energy systems in Finland achieving the NZEB based on the community level rather 
than on the single building level. To achieve the NZEB balance, CHP's characteristics have to 
be well optimized in order to minimize dependency on solar energy, maximize energy matching, 
and minimize life cycle costs. The upcoming legislation of nearly and net ZEB has to take the 
outputs of this thesis into consideration. 
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7KH EXLOGLQJ HQHUJ\ QHHGV LQ WKH(XURSHDQ8QLRQ UHSUHVHQW  RI WKH ILQDO
HQHUJ\ FRQVXPSWLRQ >6@ 7KLV LQGLFDWHV WKH SRWHQWLDO WR PDNH EXLOGLQJV KLJKO\
HQHUJ\ HIILFLHQW 7KH UHFDVW RI WKH (8 'LUHFWLYH RQ (QHUJ\ 3HUIRUPDQFH RI
%XLOGLQJ (3%' VSHFLILHG WKDW E\ WKH HQG RI  DOO QHZ EXLOGLQJV VKDOO EH
³QHDUO\]HURHQHUJ\EXLOGLQJ´Q=(%>7@,QWKH(3%'UHFDVWWKHQ=(%LVGHILQHG
DVDEXLOGLQJWKDWKDVDYHU\KLJKHQHUJ\SHUIRUPDQFHDQGVKRXOGEHFRYHUHGWRD
YHU\VLJQLILFDQWH[WHQWE\HQHUJ\ IURPUHQHZDEOHVRXUFHV LQFOXGLQJHQHUJ\ IURP
UHQHZDEOH VRXUFHV SURGXFHG RQVLWH RU QHDUE\ $GGLWLRQDOO\ WKH ,QWHUQDWLRQDO
(QHUJ\$JHQF\,($MRLQW6RODU+HDWLQJDQG&RROLQJ6+&7DVNDQG(QHUJ\
&RQVHUYDWLRQ LQ %XLOGLQJV DQG &RPPXQLW\ V\VWHPV (&%&6 $QQH[  WLWOHG
³7RZDUGV1HW=HUR(QHUJ\6RODU%XLOGLQJV´PDGHDQ LQWHUQDWLRQDOHIIRUWRQ WKH
VWDQGDUGL]DWLRQRIWKH1HW=HUR(QHUJ\%XLOGLQJ1=(%GHILQLWLRQ>8@7KH1=(%
ZDV VLPSO\ GHILQHG DV D EXLOGLQJ ZLWK JUHDWO\ UHGXFHG HQHUJ\ QHHGV WKURXJK
HIILFLHQF\JDLQVVRWKDWWKHEDODQFHRIHQHUJ\GHPDQGFDQEHVXSSOLHGZLWKRQVLWH







PDQ\ REVWDFOHV VXFK DV ORZ VRODU LUUDGLDWLRQ DQG WKH PLVPDWFK EHWZHHQ WKH
HQHUJ\ SURGXFWLRQ DQG FRQVXPSWLRQ >10@ DQG WKH OLPLWHG DUHD RI URRI DQGRU
IDoDGH SULPDULO\ LQ GHQVH FLW\ DUHDV >11@ ,Q )LQODQG DV VKRZQ LQ )LJXUH  WKH





KHDW DQG SRZHU &+3 WHFKQRORJLHV DV WKH PDLQ LQWHJUDWHG UHQHZDEOH HQHUJ\
12 
VXSSO\V\VWHPLQWKHEXLOGLQJVHFWRU7KHFXUUHQWWKHVLVLVDUHVHDUFKHIIRUWVHHNLQJ




Figure 1 Share of total energy consumption in Finland 2013 (left hand side) [13]. Fuel use by 
production mode in electricity and heat production in Finland 2013 (right hand side) [12].
1.2 Net zero energy building definition 
7KH1=(%GHILQLWLRQVDQGWKHFRPSDWLELOLW\RISURSRVHGGHILQLWLRQVZLWKFXUUHQW
QDWLRQDOEXLOGLQJFRGHVDQGLQWHUQDWLRQDOVWDQGDUGVDUHUHYLHZHGLQ>15@$OVRWR
SXW WKH 1=(% GHILQLWLRQ LQ D FRQVLVWHQW IUDPHZRUN VRPH DVSHFWV PXVW EH
LGHQWLILHG DV KLJKOLJKWHG LQ >@ 7KHVH DVSHFWV DUH FDWHJRUL]HG LQWR EXLOGLQJ
V\VWHP ERXQGDU\ ZHLJKWLQJ V\VWHP 1=(% EDODQFH WHPSRUDO HQHUJ\ PDWFK
FKDUDFWHULVWLFV DQGPHDVXUHPHQW DQG YHULILFDWLRQ (DFK KDV VXEFULWHULD ZKLFK
KDVWREHGHILQHGFRQVLVWHQWO\)RUH[DPSOHWKHEXLOGLQJV\VWHPERXQGDU\PHDQV
ZKLFKHQHUJLHVDUHFRXQWHGLQWKHEDODQFH7KH1=(%EDODQFHGHILQHVWKHW\SHRI
EDODQFH XVHG HLWKHU EHWZHHQ WKH LPSRUWHG DQG H[SRUWHG HQHUJLHV RU HQHUJ\
GHPDQGV DQG JHQHUDWLRQ  :KLFK PHWULF RI EDODQFH ZLOO EH DSSOLHG SULPDU\
HQHUJ\ VLWHHQHUJ\&2HTHPLVVLRQRUFRVWGHSHQGVRQ WKHZHLJKWLQJV\VWHP




DERYHPHQWLRQHG DVSHFWV 7KH EXLOGLQJ ERXQGDU\ LV WKH EXLOGLQJ GHILQHG E\ LWV
IRRWSULQWDUHDSOXVDVPDOO ORWXVHGWR LQVWDOODQ\HQHUJ\V\VWHPHJ WKHVRODU
V\VWHP ,I D VKDUHG ELRPDVVEDVHG PLFUR DQG VPDOOVFDOH &+3V DUH XVHG WKH
EXLOGLQJ ERXQGDU\ H[WHQGV WR LQFOXGH WKH FRPPXQLW\ RI WKH EXLOGLQJ 2ULJLQDO
SXEOLFDWLRQ , DQG LWV VKDUHG V\VWHPV DV ORQJ DV LW LV DVVXPHG WKDW WKH HQHUJ\
JHQHUDWLRQ V\VWHP LV D SURSHUW\ RI WKH EXLOGLQJ RU WKH FRPPXQLW\ 7KXV WKH
EXLOGLQJ ERXQGDU\ LQFOXGHV WKH EXLOGLQJ DQG WKH HQHUJ\ JHQHUDWLRQ V\VWHPV DV
ZHOO
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$FFRUGLQJ WR WKH )LQQLVK EXLOGLQJ UHJXODWLRQ FRGH ' >@ WKH W\SLFDO
RSHUDWLQJ HQHUJLHV DUH KHDWLQJ FRROLQJ YHQWLODWLRQ GRPHVWLF KRW ZDWHU DQG
OLJKWLQJ +9$& HTXLSPHQW DQG DSSOLDQFHV ,W VKRXOG EH HPSKDVL]HG WKDW WKH
ZHLJKWLQJIDFWRUVDUHXVHGRQO\IRUWKHRSHUDWLRQDOHQHUJ\ZKHUHDVWKHHPERGLHG
HQHUJLHV DUH QRW WDNHQ LQWR DFFRXQW 7KH EDODQFH EHWZHHQ WKH H[SRUWHG DQG
LPSRUWHG HQHUJLHV SDVVLQJ DFURVV WKH EXLOGLQJ ERXQGDU\ LV FRQVLGHUHG 7KH QHW
EDODQFHSHULRGLVD\HDU
7KH ZHLJKWHG LPSRUWHG HQHUJ\ LQFOXGHV DOO GHOLYHUHG HQHUJLHV VXPPLQJ DOO
HQHUJ\ FDUULHUV HDFK PXOWLSOLHG E\ LWV UHVSHFWLYH ZHLJKWLQJ IDFWRU 6\PPHWULFDO
VWDWLFZHLJKWLQJIDFWRUVDUHFRQVLGHUHGHJHOHFWULFLW\DQGWKHUPDOKHDWHQHUJ\
WKH ZHLJKWLQJ IDFWRUV DUH HTXDO IRU ERWK LPSRUWHG DQG H[SRUWHG HQHUJLHV 7KH
LPSRUWHGHQHUJ\FDUULHUVXVHG LQ WKLV VWXG\DUHHOHFWULFLW\ IURPWKHJULGGLVWULFW
KHDWLQJ OLJKW RLO DQG ELRPDVV ZRRG SHOOHW DQGZRRG FKLSV IXHOV 7KH HOHFWULF
JULGLVFRQVLGHUHGWZRZD\HQHUJ\JULGLQDOORULJLQDOSXEOLFDWLRQV,±9ZKHUH





FDSDFLW\ WR FRYHU WKH HOHFWULFDO GHPDQG WKHUHIRUH WKHUH ZLOO EH DW VRPHWLPHV
H[FHVVE\SURGXFWKHDWZKLFKVKRXOGEHH[SRUWHGWRWKHWKHUPDOJULGRUGXPSHG
7KHDQQXDOLPSRUWH[SRUWEDODQFHLVDFKLHYHGE\XVLQJWKHQHWZHLJKWHGHQHUJ\
GHSHQGLQJRQ HDFK1=(%GHILQLWLRQ ,QRUGHU WR DFKLHYH WKH1=(%EDODQFH WKH
DQQXDO QHWZHLJKWHG HQHUJ\ VKRXOG EH HTXDO WR ]HUR DFFRUGLQJ WR WKH IROORZLQJ
(TV











െܹ݄݁݅݃ݐ݁݀݁ݔ݌݋ݎݐ݁݀ ݁݊݁ݎ݃ݕ ൌ Ͳ


ZKHUH I LV WKHZHLJKWLQJ IDFWRU IRU HDFK HQHUJ\ FDUULHU N UHIHUV WR RQH HQHUJ\
FDUULHUDQG(LPSDQG(H[SDUHLPSRUWHGDQGH[SRUWHGHQHUJ\FDUULHUVUHVSHFWLYHO\
VXPPHGIURPWKHKRXUO\VLPXODWHGYDOXH7KHDQQXDOZHLJKWHGLPSRUWHGHQHUJ\
DFFRXQWV IRU DOO HQHUJ\ FDUULHUV LPSRUWHG WR WKH EXLOGLQJ SDVVLQJ WKURXJK WKH
EXLOGLQJERXQGDU\
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1.3 NZEB’s investigated aspects in this thesis 
 1=(%PHWULFRIEDODQFH





XVH RU XQZHLJKWHG HQHUJ\ SULPDU\ HQHUJ\ 3(&2HT HPLVVLRQV RU HQHUJ\
FRVW>16@0RUHRYHUH[HUJ\DQGHPHUJ\DUHSURSRVHGDVPHWULFVE\>17@DQG>18@
UHVSHFWLYHO\+RZHYHUWKHVHH[HUJ\DQGHPHUJ\PHWULFVDUHQRWFRPPRQSRSXODU





Figure 2 Sketch of connection between buildings and energy grids showing relevant NZEB 
definition aspects [10]. 
7KHQDWLRQDOGHFLVLRQDERXWWKHXVHGPHWULFYDULHVIURPFRXQWU\WRFRXQWU\)RU
H[DPSOHWKHFRGHIRUVXVWDLQDEOHKRPHVLQWKH8.VHWVDWDUJHWIRUDOOQHZKRPHV








%HFDXVH WKH1=(% LV JULG FRQQHFWHG WKH HQHUJ\PDWFKLQJ FDSDELOLW\ EHWZHHQ
WKH RQVLWH JHQHUDWLRQ DQG WKH HQHUJ\ QHHGV DQGRU WKH JULG LV RQH RI WKH
VXJJHVWHGFULWHULDWREHLGHQWLILHG0DQ\IDFWRUVDQGLQGLFDWRUVZHUHVXJJHVWHGWR
TXDQWLI\ WKH HQHUJ\ PDWFKLQJ LQ WKH 1=(% )RU H[DPSOH WKH PLVPDWFK
FRPSHQVDWLRQIDFWRU>33@DQG ORDGPDWFKLQJDQGJULG LQWHUDFWLRQ LQGLFDWRUV >34
35 36@ ZLWK UHVSHFW WR LPSRUWHG DQG H[SRUWHG HQHUJLHV 7KHVH LQGLFDWRUV DUH
DSSOLHG IRU HOHFWULFLW\EHFDXVH WKHHOHFWULFJULG IHHGLQ LV FXUUHQWO\ WKH FRPPRQ
VFKHPH ZKHUH H[SRUWHG HOHFWULFLW\ KDV WR FRPSHQVDWH WKH LPSRUWHG HQHUJLHV
IXOILOOLQJ WKH 1=(% EDODQFH 0RUHRYHU H[SRUWHG WKHUPDO HQHUJ\ WR WKH GLVWULFW
KHDWLQJQHWZRUNZDVDQDO\]HGWRH[DPLQHWKHLQIOXHQFHVRIH[FHVVKHDWSURGXFWLRQ
IURP1=(%VRQ'DQLVK'+ V\VWHPV >37@ DQG WR RSWLPL]H WKH UDWLR EHWZHHQ WKH
VRODUWKHUPDOFROOHFWRU67&DQGWKHSKRWRYROWDLF39IURPWKHHQHUJ\PDWFKLQJ
SRLQWRIYLHZIRUWKH6ZHGLVK1=(%>38@




DUH H[WHQGHG WR HOHFWULFDO KHDWLQJ DQG FRROLQJ PDWFKLQJ LQGLFHV WDNLQJ LQWR
DFFRXQWWKHHQHUJ\FRQYHUVLRQVWRUDJHDQGK\EULGJULGFRQQHFWLRQV












 ǡ Ͳ ൑ ܱܧܯ ൑ ͳ 
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Figure 3 The main principle for the two basic indices OEF and OEM [39]. 
$WRSRORJ\ZDVFUHDWHGLQ>@WRH[WHQGWKHVHWZREDVLFPDWFKLQJLQGLFHV2()
DQG2(0WRHOHFWULFLW\2()HDQG2(0HKHDWLQJ2()KDQG2(0KDQGFRROLQJ
2()F DQG 2(0F PDWFKLQJ LQGLFHV WDNLQJ LQWR FRQVLGHUDWLRQ WKH HQHUJ\ IRUP
HQHUJ\ FRQYHUVLRQV WKHUPDO DQG HOHFWULFDO VWRUDJH DQGK\EULG JULGV FRQQHFWLRQ
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Figure 4 The topology of the extended matching indices for electricity, heating, and cooling [39] 
,QRULJLQDOSXEOLFDWLRQV,,DQG,,,FRPSUHKHQVLYHHQHUJ\PDWFKLQJ LQGLFHVDUH
IRUPXODWHG IRU WKH &+3 DSSOLFDWLRQ ZLWK DQG ZLWKRXW LQVWDOOLQJ SKRWRYROWDLF
SDQHOV39RUVRODUWKHUPDOFROOHFWRUV67&6SHFLILFDOO\ LQRULJLQDOSXEOLFDWLRQ
,,DQRYHUDOOHQHUJ\PDWFKLQJ LQGH[ZDVGHILQHGDVDZHLJKWLQJPDWFKLQJ LQGH[
:0, 7KH :0, LV WKH VXPPDWLRQ RI PDWFKLQJ LQGLFHV PXOWLSOLHG E\ FHUWDLQ
ZHLJKWLQJIDFWRUVZLZKLOHWKHVXPRIWKHZHLJKWLQJIDFWRUVLV7KHZHLJKWLQJ
IDFWRUVZL FDQ EH VHOHFWHG WR UHIOHFW YDULRXV FULWHULD VXFK DV HFRQRPLF EHQHILWV
HQYLURQPHQWDOLPSDFWVDQGSROLWLFDOGHFLVLRQV2ULJLQDOSXEOLFDWLRQ,,,DQVZHUHG







EXLOGLQJV¶¶ Q=(%V$VVWLSXODWHG LQ WKLVGLUHFWLYHDOO0HPEHU6WDWHV06VKDOO
HQVXUHWKDWDPLQLPXPHQHUJ\SHUIRUPDQFHUHTXLUHPHQWDFKLHYLQJFRVWRSWLPDO
OHYHOV KDV WR EH VHW XVLQJ D FRPSDUDWLYH PHWKRGRORJ\ IUDPHZRUN 7KH
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PHWKRGRORJ\ IUDPHZRUN ZDV SXEOLVKHG DV (8 VXSSOHPHQWDU\ (%3' UHFDVW LQ
 DV ³*XLGHOLQHV DFFRPSDQ\LQJ &RPPLVVLRQ 'HOHJDWHG 5HJXODWLRQ (8 1R
RI-DQXDU\VXSSOHPHQWLQJ'LUHFWLYH(8³>41@,Q0D\
 )LQODQG VXEPLWWHG WKH PLQLPXP HQHUJ\ SHUIRUPDQFH UHTXLUHPHQWV IRU
FDOFXODWLQJFRVWRSWLPDOOHYHOVUHSRUWWRWKH(8>42@7KLVUHSRUWVKRZVWKHFRVW
RSWLPDORIWKHPLQLPXPHQHUJ\SHUIRUPDQFHRIQHZUHVLGHQWLDODQGFRPPHUFLDO
EXLOGLQJV EXLOW LQ DFFRUGDQFHZLWK WKH FXUUHQW)LQQLVK EXLOGLQJ UHJXODWLRQV'
>@DQG'>@DVZHOODVH[LVWLQJEXLOGLQJV$VVHHQ LQWKH)LQQLVK
UHSRUW >@ WKH PXOWLJHQHUDWLRQ V\VWHP LQFOXGLQJ FRJHQHUDWLRQ RI KHDW DQG
SRZHU &+3 DQG WKH WULJHQHUDWLRQ V\VWHP ZKLFK LV DOVR GHILQHG DV FRPELQHG
FRROLQJKHDWLQJDQGSRZHU&&+3ZHUHQRWLPSOHPHQWHG
6HYHUDO VWXGLHV LQ (XURSH IRFXVHG RQ D FRPELQDWLRQ RI EXLOGLQJ HQHUJ\
SHUIRUPDQFH DQG FRVW DQDO\VLV 6LQFH WKH(3%' UHFDVW KDV EHHQ SXEOLVKHG RQO\
UHFHQWO\RQO\DOLPLWHGQXPEHURIFXUUHQWVWXGLHVUHIHUGLUHFWO\WRWKHREMHFWLYHVRI
WKH(3%'UHFDVWDQGUHODWHGFRQFHSWV6HYHUDOVWXGLHVWULHGWRLQYHVWLJDWHWKHFRVW
RSWLPDO OHYHOVRIPLQLPXPHQHUJ\SHUIRUPDQFH UHTXLUHPHQWV VXFKDV >43@ >44@
>45@ DQG >46@5HJDUGLQJ WKH FDOFXODWLRQPHWKRGXVHG WR HYDOXDWH WKHPLQLPXP
HQHUJ\ UHTXLUHPHQWV DFKLHYLQJ FRVWRSWLPDO OHYHOV ZLWKLQ WKH FRPSDUDWLYH
PHWKRGRORJ\ IUDPHZRUN GHYHORSHG RSWLPL]DWLRQ WHFKQLTXHV ZHUH SUHVHQWHG E\
>47@ >48@ >49@ DSSOLHG WR QHZ EXLOGLQJV >50@ >51@ >52@ >53@ >54@ DQG >55@ DQG
DSSOLHGWRWKHUHWURILWWLQJRIH[LVWLQJEXLOGLQJV5HJDUGLQJWKHQDWLRQDOSROLFHVDQG





LV SUHVHQWHG LQ >57@ 0RVW RI WKH DIRUHPHQWLRQHG VWXGLHV LQYHVWLJDWHG EXLOGLQJ
HOHPHQWV ZLWKRXW FKDQJLQJ WKH HQHUJ\ VXSSO\ V\VWHPV RU ZLWK OLPLWHG
FRQYHQWLRQDOV\VWHPV
([WHQVLRQ WR Q=(% DQG 1=(% IURP FRVW RSWLPDO DQG PLQLPXP
HQHUJ\SHUIRUPDQFHVROXWLRQV
2QFH WKH ORFDO FRVWRSWLPDOFXUYHVZKLFKUHIHU WR WKHVROXWLRQVZLWKPLQLPXP








RSWLPDO DQG ]HURHQHUJ\ RIILFH EXLOGLQJ VROXWLRQV DUH LQYHVWLJDWHG LQ RULJLQDO
SXEOLFDWLRQV,9DQG9
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1.4 The novelty of the thesis 
7KLV VHFWLRQ VXPPDUL]HV WKH QRYHOW\ RI WKH WKHVLV EDVHG RQ WKH RULJLQDO
SXEOLFDWLRQV FRQGXFWHG GXULQJ WKH DXWKRU¶V GRFWRUDO VWXG\ SHULRG 2ULJLQDO
SXEOLFDWLRQ ,KDVVHYHUDO ILQGLQJV)LUVWO\DUUDQJLQJ WKH1=(%GHILQLWLRQVEDVHG
RQ WKH HDVLQHVV RI DFKLHYLQJ WKH 1=(% EDODQFH XQGHU QDWLRQDO )LQQLVK DQG
LQWHUQDWLRQDO FLUFXPVWDQFHV 6HFRQGO\ WKRXJK WKH LPSRUWDQFH RI LQFUHDVLQJ WKH
WKHUPDOHQHUJ\HIILFLHQF\RIWKHEXLOGLQJVLW LVVKRZQWKDW LWKDVDUHYHUVHHIIHFW
RQ WKH EDODQFH DFKLHYHPHQW RI1=(%)LQQLVK HPLVVLRQ DQGERWK1=(%3(DQG
1=(%HPLVVLRQEDVHGRQWKH LQWHUQDWLRQDOUHIHUHQFHGDWD IRUWKHELRPDVVEDVHG
PLFUR DQG VKDUHG &+3V /DVWO\ D GRPHVWLF VFDOH ELRPDVV &+3 LV QRW WKH EHVW




PDWFKLQJ WRSRORJ\SURSRVHG LQ >@ZDVGHYHORSHG WREHDEOH WRKDQGOH WKH
HQHUJ\ PDWFKLQJ DQDO\VLV RI WKH PLFURFRJHQHUDWLRQ V\VWHP RSHUDWHG XQGHU
WKHUPDO WUDFNLQJ ZLWK DQ HOHFWULFDO JULG IHHGLQ VFKHPH DQG HOHFWULFDO WUDFNLQJ
ZLWK D WKHUPDO KHDW JULG IHHGLQ VFKHPH 7KH PRVW LPSRUWDQW FRQWULEXWLRQ LV
GHYHORSLQJ DQ RYHUDOO PDWFKLQJ LQGH[ FRPELQLQJ WKH H[WHQGHG LQGLFHV E\
PXOWLSO\LQJWKHPE\FHUWDLQZHLJKWLQJIDFWRUVH[SUHVVLQJWKHSUHIHUHQFHVRIHDFK








WKH WZR RSSRVLWH H[WUHPHPDWFKLQJ VLWXDWLRQV LQ 1=(% ORDGPDWFKLQJ SULRULW\
DQG HQHUJ\ H[SRUW SULRULW\ VWUDWHJLHV7KHPRGHO LV JHQHULF DQG FDQEHXVHG IRU
K\EULGPLFURJHQHUDWLRQRSWLRQV2ULJLQDOSXEOLFDWLRQV,9DQG9FRQWULEXWHE\D
FRPSUHKHQVLYHLQYHVWLJDWLRQRIWKHHFRQRPLFDQGHQYLURQPHQWDOYLDELOLW\RIVPDOO
VFDOH ELRPDVV DQG IRVVLO IXHOEDVHG PXOWLJHQHUDWLRQ WHFKQRORJLHV VHUYLQJ DQ
RIILFH EXLOGLQJ LQ+HOVLQNL )LQODQG7KH LQYHVWLJDWLRQGRHVQRW RQO\ ORRN DW WKH







2. Investigation of net-zero energy 
building (NZEB) with four metrics in a 
single family house with different heating 
alternatives (original publication I) 
2.1 Objectives  
,Q6HFWLRQWKHDUJXPHQWRIWKH1=(%EDODQFHPHWULFLVKLJKOLJKWHG,QWKLV
FRQWH[W RULJLQDO SXEOLFDWLRQ , DLPV WR FRPSDUH WKH IRXU PRVW FRPPRQ 1=(%
PHWULFVXVLQJZHLJKWLQJIDFWRUVEDVHGRQ)LQQLVKDQGLQWHUQDWLRQDOUHIHUHQFHGDWD
7KH FRPSDULVRQ LV FRQGXFWHG XVLQJ WZHOYH HQHUJ\ KHDWLQJ DOWHUQDWLYH V\VWHPV
DPRQJ WKHP VHYHQ ELRPDVVEDVHG VWDQGDORQH DQG VKDUHG FRPELQHG KHDW DQG
SRZHU &+3 V\VWHPV VHUYLQJ D VLQJOH IDPLO\ KRXVHZLWK WZR GLIIHUHQW EXLOGLQJ
HQHUJ\HIILFLHQF\OHYHOV





QHW ]HUR HPLVVLRQ EXLOGLQJ EDVHG RQ )LQQLVK ZHLJKWLQJ IDFWRUV 1=(%)LQQLVK
HPLVVLRQ DQG QHW ]HUR HQHUJ\ FRVW EXLOGLQJ 1=(%FRVW $GGLWLRQDO 1=(%
GHILQLWLRQVXVLQJLQWHUQDWLRQDOZHLJKWLQJIDFWRUVEDVHGRQ,($6+&6XEWDVN%
























3( N:KSHN:KHQG      >@
1=(%VLWH N:KN:KHQG      >@
1=(%)LQQLVK
HPLVVLRQ JFRN:KHQG      >@
1=(%FRVW FN:KHQG      >@
,QWHUQDWLRQDOZHLJKWLQJIDFWRUV
1=(%±,($
3( N:KSHN:KHQG      >@
1=(%,($
HPLVVLRQ JFRN:KHQG      >@
2.3 Heating alternative systems 
7KHVWXG\DQDO\]HV ILYHFRQYHQWLRQDOHQHUJ\V\VWHPVDQGVHYHQELRPDVVEDVHG







 N:H ,)*7 D  N:H ZLWK ,QWHUQDO &RPEXVWLRQ (QJLQH FRXSOHG ZLWK
JDVLILHUN:H,&(WKHZRRGFKLSLVFRQYHUWHGWRFRPEXVWLEOHJDVHVE\KHDWLQJ
LQ D UHGXFHGR[\JHQ HQYLURQPHQW LQ D GRZQGUDIW JDVLILHU DIWHUZKLFK WKH JDV LV
FOHDQHG DQG FRPEXVWHG LQ DPRGLILHG FRPSUHVVLRQ LJQLWLRQHQJLQH DQG D 
N:HGLUHFWFRPEXVWLRQ2UJDQLF5DQNLQH&\FOHN:H25&ZKLFKZDVWHVWHG






WUDFNLQJRSHUDWLRQZKHUH LW LV WKHFRPPRQFRQWURO VWUDWHJ\ IRU&+3VXQLWV7KH
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WKHUPDO WUDFNLQJ VWUDWHJ\PHDQV WKDWZKHQHYHU WKHUH DUH KHDWLQJ GHPDQGV WKH
&+3KDVWREHRQWRFRYHUWKDWKHDWLQJGHPDQGDVPXFKDVSRVVLEOH0HDQZKLOH
WKHSURGXFHGHOHFWULFLW\ZDV D E\SURGXFW7KHQXPEHUVRI WKH VWDQGDUGKRXVHV
6+ DQG SDVVLYH KRXVHV 3+ DUH FDOFXODWHG E\ GLYLGLQJ WKH WKHUPDO RXWSXW
LQFOXGLQJ WKH GLVWULEXWLRQ ORVVHV RI WKH WKHUPDO QHWZRUN E\ WKH SHDN WKHUPDO
GHPDQG RI WKH KRXVH 0RUH GHWDLOHG GHVFULSWLRQV RI WKH HQHUJ\ V\VWHPV
FKDUDFWHULVWLFVFDQEHIRXQGLQRULJLQDOSXEOLFDWLRQ,





































































































1.4 kWe wood 
pellet SE 1 1 1.38 5.4 14.3 57.8 72.1 0.256 
35 kWe direct 
combustion SE 44 67 35 215 12.0 74.0 86.0 0.16 
35 kWe updraft 
gasifier SE 30 45 35 145 18.0 72.0 90.0 0.24
100 kWe direct 
combustion IFGT 41 62 100 200 28.0 56.0 84.0 0.5 
30 kWe gasifier, 
ICE 16 25 30 80 23.0 61.0 84.0 0.377 
0.86 kWe 
biomass fired 
ORC 9 14 0.86 47.26 1.41 78.69 80.1 0.0184 
The hydrogen 
based PEMFC 1 1 2.70/1.8 4.80/3.2 15.32 27.28 42.60 0.56
2.4 Building description 
7KH HQHUJ\ VXSSO\ V\VWHPV DUH FRQQHFWHG WR D VLQJOH IDPLO\ KRXVH ORFDWHG LQ









DQG ':+ GHPDQG DUH UHGXFHG E\  DQG  EHWZHHQ 6+ WR 3+
UHVSHFWLYHO\ 7KH WRWDO WKHUPDO GHPDQG LV UHGXFHG E\  7KH UHGXFWLRQ RI




























































2.5 NZEB balance 
7KH1=(%GHILQLWLRQLVGHILQHGSUHFLVHO\LQ6HFWLRQ7KHEXLOGLQJERXQGDU\
DQGLPSRUWHGH[SRUWHGHQHUJ\FDUULHUVUHJDUGLQJDVLQJOHKRXVHDQGDFRPPXQLW\




Figure 5 Building boundary and imported/exported energy carriers of (a) a single house and (b) a 
community of houses (original publication I) 
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2.6 On-site supplementary system 
$OO KHDWLQJ V\VWHPV PHQWLRQHG LQ 6HFWLRQ  DUH LQYHVWLJDWHG XVLQJ WKH
ZHLJKWLQJ IDFWRU RI HDFK 1=(% PHWULF  :KHQHYHU WKH 1=(% EDODQFH ZDV QRW
DFKLHYHG DQ RQVLWH VXSSOHPHQWDU\ V\VWHP ZDV LQVWDOOHG WR SURGXFH HOHFWULFLW\
IURPVRODUHQHUJ\ZLWK]HURZHLJKWLQJIDFWRUV IRUDOO1=(%GHILQLWLRQV7DEOH
7RIXOILOOWKH1=(%EDODQFHWKHSKRWRYROWDLF39PRGXOHVDUHLQVWDOOHGWRRIIVHW
WKH GLIIHUHQFH EHWZHHQ WKH LPSRUWHG DQG H[SRUWHG HOHFWULFLW\ E\ SURGXFLQJ
HOHFWULFLW\RQVLWH7KHRULHQWDWLRQRIWKH39PRGXOHVLVVHOHFWHGWRIDFHVRXWKZLWK
D WLOW DQJOHRI  7KHHOHFWULFLW\ SURGXFWLRQ DIWHU WKH LQYHUWHURI DRQH VTXDUH
PHWHURI39LVN:KDZKLFK LVHTXLYDOHQW WRN:KDSHU IORRUDUHDRI
WKHKRXVH7KHVHUHVXOWVDUHREWDLQHGE\VLPXODWLQJWKH39V\VWHPZLWK7UQV\V
XVLQJ 7\SH EDVHG RQ WKH ILYHSDUDPHWHU HTXLYDOHQW FLUFXLW PRGHO 2WKHU 39
WHFKQLFDO GHVFULSWLRQ DQG LWV HOHFWULFLW\ SURGXFWLRQ FDQ EH IRXQG LQ RULJLQDO
SXEOLFDWLRQ,
2.7 Finnish NZEB definitions’ comparison 
)LJXUH  VKRZV WKH LPSRUWHG DQG H[SRUWHG ZHLJKWHG HQHUJLHV IRU DOO HQHUJ\
V\VWHPVDQGDOO)LQQLVK1=(%GHILQLWLRQV7KHVXPRILPSRUWHGZHLJKWHGHQHUJLHV
LVLOOXVWUDWHGRQWKH;D[LV7KH<D[LVVKRZVWKHH[SRUWHGZHLJKWHGHQHUJ\UHODWHG











ZLWK HOHFWULFDO KHDWLQJ OLJKW RLO ERLOHU DQG3(0)& FDVHV DUH QRW DSSURSULDWH DV
HQHUJ\V\VWHPVVLQFH WKHLU FRUUHVSRQGLQJ LPSRUWHG)LQQLVK3(VDUHKLJKHU WKDQ
WKHGHILQHG OLPLW7KH UHDVRQV DUH WKHKLJKZHLJKWLQJ IDFWRUV RI HOHFWULFLW\ 
OLJKWRLO  DQGYHU\ ORZRYHUDOO HIILFLHQF\RIRI WKH3(0)&EDVHGRQ
ELRPDVV IXHO UHVSHFWLYHO\:KHQ WKHKRXVHEHFRPHV3+DOO WKH HQHUJ\ V\VWHPV
DUHZLWKLQWKHLPSRUWHG3(OLPLWV,WLVDOVRFDQEHQRWLFHGWKDWWKHN:H,)*7
KDV WKH ORZHVW39 DUHD UHTXLUHG WR DFKLHYH WKH1=(%)LQQLVK HPLVVLRQ1=(%
)LQQLVK 3( DQG  1=(%FRVW EDODQFHV GXH WR LWV KLJK 3+ UDWLR DQG RYHUDOO
HIILFLHQF\)URPERWK)LJXUHDQG7DEOHWKH1=(%GHILQLWLRQVFDQEHDUUDQJHG
LQ WKH IROORZLQJ RUGHU DFFRUGLQJ WR WKH HDVLQHVV RI DFKLHYLQJ RI WKH DQQXDO
EDODQFH1=(%)LQQLVKHPLVVLRQ1=(%)LQQLVK3(1=(%FRVWDQG
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1=(%VLWH7KLVRUGHU LV GXH WR WKH UDWLR RI WKHZHLJKWLQJ IDFWRUV RI DQ\ HQHUJ\
FDUULHU WR WKDW IRU JULG HOHFWULFLW\ +HUH WKH HOHFWULFDO JULG LV WKH RQO\ WZR ZD\





RI WKH 3+ GRHV QRW KDYH WKH VDPH UHGXFWLRQ UHODWLYH WR WKH 6+ DV WKH WKHUPDO
GHPDQG7KHHOHFWULFUHGXFWLRQWKDWWDNHVSODFHLQWKH3+LVRQO\UHODWHGWRWKHXVH
RI DKLJKO\HIILFLHQWHQHUJ\YHQWLODWLRQ V\VWHPZLWKRQO\UHGXFWLRQZKLOH WKH
WKHUPDO UHGXFWLRQ LV7KLVPHDQV WKDWZKLOH WKHRSHUDWLRQDO VWUDWHJ\RI WKH
&+3VLVWKHUPDOWUDFNLQJWKHSRVVLELOLW\RIWKH6+WRSURGXFHHOHFWULFLW\ZKHWKHU
XWLOL]HGE\WKHKRXVHGHPDQGDQGRUH[SRUWHGWRWKHJULGLVKLJKHUWKDQIRUWKH





Figure 6 Imported/exported weighted energy for all studied cases (a) NZEB-Finnish PE, (b) NZEB-
site, (c) NZEB-Finnish emission, (d) NZEB-cost. (Unfilled and filled marks are the SH and PH cases, 
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Table 6 PV area required to achieve the balance required by the four NZEB definitions for the SH 
and PH (Original publication I). 
Energy Systems 
PV area required of standard 
house (m2) 






































































Electrical Heating 215 215 215 215 124 124 124 124 
District heating 134 247 150 146 91 149 99 97 
Ground source heat pump 117 117 117 117 85 85 85 85 
Light oil boiler 183 275 182 232 115 162 115 140 
Wood boiler 121 297 57 151 80 167 49 95 
1.4 kWe wood pellet Stirling 
engine 95 308 18 131 67 167 30 84 
35 kWe direct combustion, 
Stirling engine 94 270 31 124 68 155 36 82 
35 KWe updraft gasifier, Stirling 
engine 80 261 14 110 61 152 28 76 
100 kWe direct combustion 
indirect fired gas turbine 56 287 0 95 49 165 8 69 
30 kWe gasifier Internal 
combustion engine 70 282 0 106 56 162 18 74 
0.86 kWe organic Rankine cycle 117 288 56 146 79 165 48 94 
Domestic scale PEMFC 
connected to shared gasifier 165 655 0 247 109 358 19 151 
8QGHUOLQHGYDOXHVLQGLFDWHWKHPLQLPXP39DUHDUHTXLUHGIRUHDFK1=(%GHILQLWLRQ
2.8 Finnish vs international weighing factors  
7KH GLIIHUHQFH EHWZHHQ WKH SULPDU\ HQHUJ\ IDFWRUV RI )LQODQG DQG WKH
,QWHUQDWLRQDO(QHUJ\$JHQF\,($LVUHODWHGWRWKHUHODWLYHSRUWLRQRIHOHFWULFLW\
SURGXFWLRQE\5(6V LQ WKHQDWLRQDODQG LQWHUQDWLRQDOJULG$VVKRZQLQ7DEOH
IRUWKH1=(%,($3(WKH3(YDOXHVRIWKHFRQYHQWLRQDOWKHUPDOHQHUJ\V\VWHPV
GHFUHDVHZLWK FKDQJLQJD KRXVH IURPD 6+ WR D3+ZKLOH WKH3(YDOXHV RI WKH
ELRPDVV&+3V\VWHPVLQFUHDVHVLPLODUWRWKHFDVHRI1=(%)LQQLVKHPLVVLRQZLWK











LQGLFDWHG LQ 7DEOH  ,W FDQ EH FRQFOXGHG WKDW DFKLHYLQJ WKH 1=(%)LQQLVK
HPLVVLRQEDODQFHLVHDVLHUWKDQWKH1=(%,($HPLVVLRQEDODQFHIRUDOOWKHVWXGLHG
HQHUJ\V\VWHPVZLWKERWKWKH6+DQGWKH3+
Table 7 Comparison of the PV area required to achieve the balance for the NZEB primary energy 
and CO2-eq emission definitions based on Finnish and international reference data for the SH and 
PH. 
Energy Systems 
PV area required of standard 
house (m2) 
















































































Electrical Heating 215 215 215 215 124 124 124 124 
District heating 134 118 150 163 91 83 99 106 
Ground source heat pump 117 117 117 117 85 85 85 85
Light oil boiler 183 176 182 214 115 111 115 131 
Wood boiler 121 62 57 73 80 51 49 56 
1.4 kWe wood pellet Stirling 
engine 95 25 18 37 67 33 30 39 
35 kWe direct combustion, 
Stirling engine 94 27 31 41 68 34 36 41 
35 KWe updraft gasifier, Stirling 
engine 80 11 14 25 61 27 28 34 
100 kWe direct combustion 
indirect fired gas turbine 56 0 0 0 49 5 8 15 
30 kWe gasifier Internal 
combustion engine 70 0 0 6 56 16 18 25 
0.86 kWe organic Rankine cycle 117 52 56 66 79 47 48 53 
Domestic scale PEMFC 
connected to shared gasifier 165 0 0 17 109 14 19 34 
2.9 Summary 
6HFWLRQ  FDQ EH VXPPDUL]HG DV IROORZV 7KH 1=(% GHILQLWLRQV DUH RUGHUHG
EDVHG RQ WKH HDVLQHVV RI DFKLHYLQJ WKH 1=(% EDODQFH XQGHU QDWLRQDO )LQQLVK
FLUFXPVWDQFHVDVIROORZV1=(%3(1=(%VLWH1=(%HPLVVLRQDQG1=(%FRVW
7KRXJKLWLVLPSRUWDQWWRLQFUHDVHWKHWKHUPDOHQHUJ\HIILFLHQF\RIEXLOGLQJVLWLV
VKRZQ WKDW LW KDV D UHYHUVH HIIHFWRQ WKH EDODQFH DFKLHYHPHQW RI1=(%)LQQLVK
HPLVVLRQ DQG ERWK 1=(% 3( DQG 1=(%HPLVVLRQ UHTXLUHPHQWV EDVHG RQ WKH
LQWHUQDWLRQDO UHIHUHQFH GDWD IRU WKH ELRPDVVEDVHG PLFUR DQG VKDUHG &+3V $
GRPHVWLF VFDOH ELRPDVV&+3 LV QRW WKH EHVW VROXWLRQ IRU WKH1=(% WR UHSODFH D







3. Energy matching of on-site 
cogeneration system under thermal and 
electrical tracking strategies using 
weighted energy matching WMI (Original 





ERWK HOHFWULFLW\ DQG WKHUPDO HQHUJ\ LQ RULJLQDO SXEOLFDWLRQ ,, 7KH &+3 LV
DQDO\]HG XQGHU WZR GLIIHUHQW FRQWURO VWUDWHJLHV WKHUPDO WUDFNLQJ ZLWK WKH
HOHFWULFDOJULGIHHGLQVFKHPHDQGHOHFWULFDOWUDFNLQJZLWKWKHWKHUPDOJULGIHHGLQ
VFKHPH$GGLWLRQDOO\DZHLJKWHGPDWFKLQJLQGH[:0,LVGHYHORSHGWRVKRZWKH
PDWFKLQJ VLWXDWLRQV LQVWHDG RI WKH VSHFLILHG H[WHQGHG LQGLFHV E\ VXPPLQJ WKH
GHWDLOHGLQGH[PXOWLSOLHGE\FHUWDLQZHLJKWLQJIDFWRUVH[SUHVVLQJWKHSUHIHUHQFHV
RIHDFK





FDOFXODWH WKHZHLJKWLQJ IDFWRUVRIWKH:0, IRU WKHSUHYLRXVVLWXDWLRQVUHIOHFWLQJ
WKHWZRRSSRVLWHH[WUHPHPDWFKLQJVLWXDWLRQVLQWKH1=(%ORDGPDWFKLQJSULRULW\
DQGHQHUJ\H[SRUWSULRULW\VWUDWHJLHV7KHORDGPDWFKLQJSULRULW\VWUDWHJ\PHDQV
WKH VHOIFRQVXPSWLRQRI WKHRQVLWH JHQHUDWHGHQHUJ\KDV WREHPD[LPL]HG >@
:LWKRXWVHDVRQDOVWRUDJHZKHUHWKHEXLOGLQJFDQQRWGHSHQGWRWDOO\RQVLWHHQHUJ\
JHQHUDWLRQ WKHUH LV HVVHQWLDO QHHG WR H[SRUW HQHUJ\ WR WKH FRQQHFWHG JULG WR
FRPSHQVDWHIRUWKHLPSRUWHGHQHUJLHV7KLVLVWKHVRFDOOHGHQHUJ\H[SRUWSULRULW\





3.2 Detailed energy matching indices 
,Q 6HFWLRQ  WKH WHPSRUDU\ HQHUJ\PDWFKLQJ FKDUDFWHULVWLFV DUH VXUYH\HG
$PRQJWKHTXDQWLWDWLYHLQGLFHVDVVHVVLQJWKHHQHUJ\PDWFKLQJWKHUHFHQWGHWDLOHG
WRSRORJ\DQGWKHLUGHWDLOHGHQHUJ\PDWFKLQJLQGLFHV>@DUHFKRVHQWRDQDO\]H
WKH PDWFKLQJ FDSDELOLW\ RI WKH RQVLWH &+3 $V ORQJ DV WKHUH LV QR FRROLQJ
GHPDQG LQ WKLV VWXG\ RQO\ WKH GHWDLOHG PDWFKLQJ LQGLFHV 2()H 2(0H IRU
HOHFWULFLW\DQG2()K2(0KIRUKHDWLQJHQHUJ\DUHFKRVHQ7KHEDVLFWRSRORJ\DV
ZHOODV WKHEDVLFHTXDWLRQV(TV   DUHVLPSOLILHG WREHPDWFKHGZLWK WKH
DLPRIWKLVVWXG\IRFXVLQJRQWKH&+3)LJXUHVKRZVWKHVLPSOLILHGWRSRORJ\
IRUWKHRQVLWH&+3RULJLQDOSXEOLFDWLRQ,,LQFOXGLQJSKRWRYROWDLF39DQGRU
IODW SODW VRODU WKHUPDO FROOHFWRU 67& PRGXOHV RULJLQDO SXEOLFDWLRQ ,,, 7KH
VLPSOLILHG HTXDWLRQV RI WKH GHWDLOHG PDWFKLQJ LQGLFHV RI WKH RQVLWH &+3







׬ ܯ݅݊௧మ௧భ ൣܩ௠஼ு௉ǡ௘௟௘௖ሺݐሻ ൅ ܩ௉௏ǡ௘௟௘௖ሺݐሻ െ ܧܵ௢௡ሺݐሻ െ ݈௘ሺݐሻǢ ܮ௘௟௘௖ሺݐሻ ൅ ܧ௢௙௙ି௛ሺݐሻ ൅ ܧ௢௡ି௛ሺݐሻ൧݀ݐ
׬ ሾܮ௘௟௘௖ሺݐሻ ൅ ܧ௢௙௙ି௛ሺݐሻ ൅ ܧ௢௡ି௛ሺݐሻሿ௧మ௧భ ݀ݐ
 
ܱܧܨ݄ ൌ




׬ ܯ݅݊௧మ௧భ ൣܩ௠஼ு௉ǡ௘௟௘௖ሺݐሻ ൅ ܩ௉௏ǡ௘௟௘௖ሺݐሻሿǢ ܮ௘௟௘௖ሺݐሻ ൅ ܧ௢௡ି௛ሺݐሻ ൅ ܧܵ௢௡ሺݐሻ ൅ ݈௘ሺݐሻ൧݀ݐ
׬ ሾܩ௠஼ு௉ǡ௘௟௘௖ሺݐሻ ൅ ܩ௉௏ǡ௘௟௘௖ሺݐሻሿ௧మ௧భ ݀ݐ
 
ܱܧܯ݄ ൌ
׬ ܯ݅݊௧మ௧భ ൣܩ௠஼ு௉ǡ௛̴௧௛ሺݐሻ ൅ ܩௌ்஼ǡ௛̴௧௛ሺݐሻ ൅ ܪ௘௢௡ି௛ሺݐሻǢ ܮ௛௘௔௧ሺݐሻ ൅ ܪܵ௢௡ሺݐሻ ൅ ݈௛ሺݐሻ൧݀ݐ




FRPSRVHG RI WKH HOHFWULFDO SDUW DQG WKH WKHUPDO KHDW SDUW HDFK RI ZKLFK LV
FHQWHUHG RQ D GLVWULEXWLRQ FHQWHU (DFK GLVWULEXWLRQ FHQWHU LV FRQQHFWHG ZLWK D
JHQHUDWLRQ ER[ D ORDG ER[ D VWRUDJH ER[ DQG D JULG ER[ 7KH HOHFWULFDO DQG
WKHUPDO HQHUJ\ SDUWV DUH LQWHUIDFHG E\ DQ HOHFWULFDOO\ GULYHQ KHDWLQJ PDFKLQH
ZKLFKFRQYHUWVHOHFWULFDOSRZHULQWRWKHUPDOKHDWSRZHU$FFRUGLQJWRWKHFRQWURO
SULQFLSOH IRU &+3 ZKLFK ZLOO EH GHVFULEHG LQ 6HFWLRQ  DX[LOLDU\ HOHFWULFDO









HQHUJLHV LQHOHFWULFDORUWKHUPDO IRUPVDUHFDWHJRUL]HGDVRQVLWHRURIIVLWH ,W LV
REYLRXV WKDW WKHPDWFKLQJDQDO\VLVGRHVQRWGHDOZLWK IXHO FURVVLQJ WKHEXLOGLQJ
ERXQGDU\ % HJ WKH IXHO RI WKH &+3 EXW LW GHDOV ZLWK WKH HOHFWULFDO DQG
WKHUPDOKHDWLQJHQHUJLHVIORZDFURVVERXQGDU\%DVORQJDVWKHPDLQJRDOLVWR
HYDOXDWH WKH LQWHUDFWLRQ EHWZHHQ WKH EXLOGLQJ QHHGV RQVLWH JHQHUDWLRQ DQGRU
WKH HOHFWULFDO DQG WKHUPDO JULGV ZLWK SRVVLELOLWLHV IRU H[SRUW RU GDPSLQJ WKH
VXUSOXV>@$OVRIRUWKHFRQYHUVLRQSURFHVVDVVKRZQE\WKHHOHFWULFDOO\GULYHQ




Figure 7 Simplified topology for extended matching specified for μ-CHP, coupled with PV and STC 
modules. Note that the electrical demand excludes the electrical needs of the electrical-driven 
heating machines. (Original publication III)  
3.3 Developed overall criteria 
,QVWHDG RI WKH GHWDLOHG FRPSUHKHQVLYH HQHUJ\PDWFKLQJ LQGLFHV IRU HOHFWULFDO
KHDWLQJDQGFRROLQJHQHUJ\IRUPVDQRYHUDOOLQGH[LVGHYHORSHGDQGVXJJHVWHGWR
UHIOHFW WKH RYHUDOO PDWFKLQJ FDSDELOLW\ ZKHUH DOO GHWDLOHG PDWFKLQJ DVSHFWV DUH
FRQVLGHUHG7KLVRYHUDOOGHYHORSHGPDWFKLQJLQGH[LVGHILQHGE\ZHLJKWHGHQHUJ\
PDWFKLQJ :0, EHFDXVH RI WKH SULQFLSOH RI KRZ LW LV FDOFXODWHG ,W FDQ EH
IRUPXODWHGLQJHQHUDODGGLWLYHIRUPXODDVVKRZQE\(T
$VVKRZQLQWKHGHWDLOHG(T  WKH:0,LV WKHVXPRIVL[ WHUPVHDFK





SXWWLQJ SUHIHUHQFHV RQ FHUWDLQPDWFKLQJ DVSHFWV 7KH VHOHFWLRQ RI WKHZHLJKWLQJ
IDFWRUVFDQEHEDVHGRQYDULRXVFRQVLGHUDWLRQVVXFKDVWKHHQYLURQPHQWDOLPSDFW
SROLWLFDOGHFLVLRQVDQGHFRQRPLFDOEHQHILW ,Q WKLV WKHVLVRULJLQDOSXEOLFDWLRQ ,,
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RI WKH WKHUPDO DQG HOHFWULFDO ORDG FRYHUHG E\ WKH RQVLWH JHQHUDWHG HQHUJ\ LH
2()K DQG 2()H DQG WKH SURSRUWLRQ RI WKHUPDO DQG HOHFWULFDO WKH RQVLWH
JHQHUDWHG HQHUJ\ WKDW LV XVHG LQ WKH ORDG LH2()K DQG2(0H YDOXHVZLOO YDU\
DFFRUGLQJ WR WKH DSSOLHG RSHUDWLRQ VWUDWHJ\ VXFK DV DOZD\V RQ VHDVRQDOO\ RQ
WKHUPDODQGHOHFWULFDOWUDFNLQJVWUDWHJLHV
35 
3.4 Simulation tools, single-family house, and NZEB definition 
7KHGHYHORSHG:0,LVLPSOHPHQWHGIRUWKHPDWFKLQJDVVHVVPHQWRIWKH&+3
XQLWIRUDVLQJOHIDPLO\KRXVH7KHVLQJOHIDPLO\KRXVHLVWKHVDPHVWDQGDUGKRXVH
XVHG LQ RULJLQDO SXEOLFDWLRQ , ORFDWHG LQ+HOVLQNL )LQODQG 7KH KRXVH DQG WKH
V\VWHPV DUH VLPXODWHG E\ 7UQV\V  VRIWZDUH >@ 7KH DQQXDO KHDWLQJ RI WKH
VWDQGDUGKRXVHLQFOXGLQJ$+8VSDFHDQG'+:KHDWLQJLVN:KPDZLWK
DSHDNRIN:7KHHOHFWULFDOGHPDQG LQFOXGLQJYHQWLODWLRQ IDQ OLJKWLQJDQG
DSSOLDQFHVH[FOXGLQJWKHHOHFWULFDOFRQVXPSWLRQRIWKHFLUFXODWLQJSXPSRIWKH
&+3 DQG DX[LOLDU\ HOHFWULFDO KHDWHUV LV  N:KPD ZLWK D SHDN RI  N:
2ULJLQDOSXEOLFDWLRQ,,DQG,,,
7KH 1=(% GHILQLWLRQ LV GHILQHG SUHFLVHO\ LQ 6HFWLRQ  7KXV LQ RULJLQDO
SXEOLFDWLRQ ,,, WKH EXLOGLQJ ERXQGDU\ DQG LPSRUWHGH[SRUWHG HQHUJ\ FDUULHUV
UHJDUGLQJ D VLQJOH KRXVH LV SUHVHQWHG E\ ERXQGDU\ % LQ )LJXUH  ,Q RUGHU WR
DFKLHYHWKH1=(%EDODQFHWKHDQQXDOQHWZHLJKWHGHQHUJ\QHWSULPDU\HQHUJ\LQ
2ULJLQDOSXEOLFDWLRQ,,,VKRXOGEHHTXDOWR]HURDVJLYHQE\(TV




>64@7KH &+3 RSHUDWHV ZLWK LWV QRPLQDO FDSDFLW\ IXOO ORDG ZKLFK LV LQ
DFFRUGDQFHZLWKRULJLQDOSXEOLFDWLRQ,,DQG>65@













HQHUJ\ N:KSUN:KVLWH     

3.5 Thermal and electrical tracking operation strategies of the μ-CHP 
7KH &+3 FDQ EH RSHUDWHG XQGHU WZR EDVLF FRQWURO VWUDWHJLHV WKHUPDO DQG
HOHFWULFDO WUDFNLQJ VWUDWHJLHV )LJXUH  SUHVHQWV WKH VFKHPDWLF GLDJUDP RI WKH
FRQWUROVWUDWHJ\WKHUPDOFRQQHFWLRQVRIWKH&+3DQGHOHFWULFDOFRQQHFWLRQVRI
ERWKWKH&+3DQGWKH39PRGXOHVZKHQXVHGLQRULJLQDOSXEOLFDWLRQ,,,XQGHU
WKH WKHUPDO WUDFNLQJ VWUDWHJ\ )LJXUH  SUHVHQWV WKH VFKHPDWLF GLDJUDP RI WKH
FRQWUROVWUDWHJ\HOHFWULFDOFRQQHFWLRQVRIWKH&+3DQGWKHWKHUPDOFRQQHFWLRQV
RIERWK WKH&+3DQG WKH67&PRGXOHV ZKHQXVHG LQRULJLQDOSXEOLFDWLRQ ,,,














7KH KHDW WUDQVIHU IOXLG RI '+: $+8 DQG VSDFH KHDWLQJ DOO IORZ WKURXJK WKH
+:67EHIRUHSDVVLQJWRWKHDX[LOLDU\HOHFWULFDOKHDWHUV7KHDX[LOLDU\HOHFWULFDO
KHDWHUVDUH WXUQHGRQZKHQWKHVHWSRLQWWHPSHUDWXUHVRI WKHKHDW WUDQVIHU IOXLG










DORQH 7KH KRXUO\ WRWDO JHQHUDWHG HOHFWULFLW\ *WRWHO VXPPLQJ RI WKH HOHFWULFLW\
JHQHUDWHGE\WKH&+3*&+3HODQG WKH39PRGXOHV*39HO LV FRPSDUHGWR WKH
KRXUO\ HOHFWULF GHPDQGV /HO ZKLFK LQFOXGHV DSSOLDQFHV OLJKWLQJ +9$&
HTXLSPHQW FLUFXODWHG SXPSV DQG DX[LOLDU\ HOHFWULFDO KHDWHUV GHPDQGV  ,I WKH
*WRWHO LV KLJKHU WKDQ WKH/HO WKH VXUSOXV HOHFWULFDO SRZHUZLOO EH H[SRUWHG ,I WKH
*WRWHO LV ORZHU WKDQ WKH /HO WKH VKRUWDJH ZLOO EH FRPSHQVDWHG E\ HOHFWULFLW\
LPSRUWHG IURP WKH HOHFWULFDO JULG$V ORQJ DV RULJLQDO SXEOLFDWLRQ ,,, IRFXVHV RQ
1=(%ZLWKDYDLODELOLW\WRLPSRUWWKHVKRUWDJHRIWKHHOHFWULFDOGHPDQGDQGH[SRUW
WKHVXUSOXVJHQHUDWHGHOHFWULFLW\WRDQGIURPWKHHOHFWULFDOJULGDGGLQJHOHFWULFDO






Figure 8 The control principle of the thermal tracking strategy, thermal connections of the μ-CHP, 
and electric connections of the μ-CHP and the PV modules. (Original publication III) 
)LJXUH  SUHVHQWV D EULHI VFKHPDWLF RI WKH FRQWURO SULQFLSOH IRU WKH HOHFWULFDO
WUDFNLQJVWUDWHJ\,QFRQWUDVWWRWKHWKHUPDOWUDFNLQJVWUDWHJ\WKH&+3DQGWKH




WKDQ ERWK WKH&+3DQG WKHSXPSZLOO EH WXUQHGRQ7KHUHDVRQZK\ WKH
VWDUWXS)62& IRU WKH&+3 LV FKRVHQ WREH LQVWHDGRI LV WR UHGXFH WKH
FKDQFHVIRUDVLWXDWLRQLQZKLFKWKHEDWWHU\ LVDWWKHGHHSHVW)62&RIZKHQ
HOHFWULFLW\ KDV WR EH LPSRUWHG IURP WKH HOHFWULFDO JULG WR FRYHU WKH VKRUWDJH
)XUWKHUPRUH ZLWK WKH HOHFWULFDO WUDFNLQJ VWUDWHJ\ WKHUH LV QR HOHFWULFLW\ EHLQJ
H[SRUWHGWRWKHHOHFWULFDOJULG0HDQZKLOHWKH&+3LVFRQQHFWHGWRWKH+:67





KHDW WUDQVIHU IOXLGZLOO IORZ WKURXJK D KHDW H[FKDQJHU WR H[SRUW WKH KHDW WR WKH
KHDWJULGDQGWKHUHWXUQWHPSHUDWXUH7EDFNWRWKH&+3DIWHUWKLVH[SRUWLQJ
SURFHVVLVDVVXPHGWREHDW&,QWKLVZD\WKHVXSSO\WHPSHUDWXUHIURPWKH
&+3 7 QHYHU H[FHHGV  & %\ NQRZLQJ WKH PDVV IORZ UDWH DQG WKH
WHPSHUDWXUHGLIIHUHQFHRI7 DQG7 WKHDPRXQWRIKHDWSRZHU H[SRUWHG FDQEH
FDOFXODWHG7KHH[SRUWDWLRQRIKHDWDW WKLVPHGLXPWHPSHUDWXUH OHYHO&
RIWHQRFFXUVXVLQJ WKH WHFKQRORJ\RI ³)HHGLQ UHWXUQÆ UHWXUQ´ZKLFK LVRQHRI
38 
WKH KHDW JULG IHHGLQ WHFKQRORJLHV ZKHUH KHDW LV H[FKDQJHG IURP WKH KHDW
H[FKDQJHUWRWKHWKHUPDOJULGWKURXJKWKHUHWXUQPDLQOLQHRIWKHWKHUPDOJULGDV
GHILQHG LQ>66@6LQFHWKH WKHUPDOKHDWJULG LVDYDLODEOH LQ WKHHOHFWULFDO WUDFNLQJ
VWUDWHJ\ WKH DX[LOLDU\ KHDWLQJ GHYLFH LV E\ WKH WKHUPDO KHDW JULG LQVWHDG RI WKH
HOHFWULFDO KHDWHU ,Q RULJLQDO SXEOLFDWLRQ ,,, WKH 67& PRGXOHV DV DQ RQVLWH
VXSSOHPHQWDU\V\VWHPDUHLQVWDOOHGWRIXOILOWKH1=(%EDODQFHZKHQWKHEDODQFHLV
QRW IXOILOOHG E\ WKH &+3 DORQH ,W VKRXOG EH QRWHG WKDW WKH HOHFWULFDO




Figure 9 The control principle of the electrical tracking strategy, electrical connections of the μ-CHP, 
and thermal connections of the μ-CHP and the STC modules. (Original publication III) 
,W VKRXOGEHPHQWLRQHG WKDW RSWLPL]LQJ WKH+:67DQGHOHFWULFDO EDWWHU\ VL]HV
DUHRXWRIWKHDLPRIWKLVVWXG\7KHUHIRUHWKH\DUHFKRVHQWREHZLWKUHDVRQDEOH
VL]HVZLWK WKH VLQJOH IDPLO\KRXVHDSSOLFDWLRQDV LWZLOO EHSUHVHQWHG LQ WKHFDVH




3.6 Different weighting factors’ scenarios (original publication II) 
2ULJLQDO SXEOLFDWLRQ ,, LQFOXGHG D UHYLHZ RI WKH FRPPHUFLDO &+3 SURGXFWV
ZLWKLQUDQJHOHVVWKDQN:H,WLVIRXQGWKDWWKHPRVWFRPPRQQRPLQDOHOHFWULFDO
RXWSXW SRZHU *HOHF LV  N:H ZKLOH WKH SRZHUWRKHDW UDWLR PHDQV WKH UDWLR
39 
EHWZHHQWKHQRPLQDOHOHFWULFDODQGWKHUPDOSRZHURIWKH&+33+LVPDLQO\LQ
WKH UDQJHRI7KHUHIRUH LQ WKH ODWWHUSDUDPHWULF DQDO\VLVZHGHVLJQDWH
*HOHFWDWN:HDQGWKHVWXGLHGUDQJHRI3+IURPWRZLWKDQ3+VWHS




:0, YDOXH LV FRQGXFWHGZLWK IRXU VFHQDULRV SUHVHQWHG LQ7DEOH  7KH VHOHFWHG
H[DPSOHV UHIOHFW UHDO FDVHV LQ SUDFWLFH DV IROORZ 6FHQDULR $ FDQ KDSSHQ LQ D
VLWXDWLRQZKHUHWKHKRXVHRZQHUSD\VPRUHDWWHQWLRQWRHOHFWULFDOPDWFKLQJWKDQ
KHDW PDWFKLQJ IRU H[DPSOH EHFDXVH WKH HOHFWULFDO JULG WDULII LV PXFK PRUH
H[SHQVLYH WKDQ WKH GLVWULFW KHDWLQJ WDULII 6FHQDULR % FDQ KDSSHQ LQ D VLWXDWLRQ
ZKHUH WKH KRXVH RZQHU SD\V PRUH DWWHQWLRQ WR KHDW PDWFKLQJ WKDQ HOHFWULFDO
PDWFKLQJIRUH[DPSOHEHFDXVHWKHGLVWULFWKHDWLQJWDULIILVPXFKPRUHH[SHQVLYH






WR WKH ODUJHVWH[WHQW ,QDGGLWLRQ WR WKH IRXUH[DPSOHVXQGHUD VSHFLDO VLWXDWLRQ
ZKHQWKHZHLJKWLQJ IDFWRUVRIDOO WKHGHWDLOHGHQHUJ\PDWFKLQJ LQGLFHVDUHHTXDO
LHZL DFFRUGLQJ WR(T  WKH:0, LVGHILQHGDV WKH ³DYHUDJHPDWLQJ
LQGH[ $0,´
Table 9 Four scenarios of the weighting factors. (Original publication II) 
6FHQDULRV 8QGHUO\LQJ3ULQFLSOH
1w D 2w D 3w D 4w D
$ (OHFWULFDOPDWFKLQJLVPRUHLPSRUWDQWWKDQ
WKHUPDOKHDWPDWFKLQJ
   
% 7KHUPDOKHDWPDWFKLQJLVPRUHLPSRUWDQW
WKDQHOHFWULFDOPDWFKLQJ








   












WR WKH FRQWURO SULQFLSOH IRU WKH WKHUPDO WUDFNLQJ VWUDWHJ\ WKH RYHUDOO PDWFKLQJ





FXUYH LV DOZD\V NHSW DW D ORZHU OHYHO WKDQ WKH $0, FXUYH DQG LV VLJQLILFDQWO\
DIIHFWHGE\WKH IOXFWXDWLRQ LQ WKH2()HDV ORQJDVPRUHSUHIHUHQFH LVSXWRQWKH
2()WKDQRQWKH2(0DVJLYHQLQ7DEOH7KH:0,B%DQG:0,B'FXUYHVFDQEH
H[SODLQHG ZLWK D VLPLODU PDQQHU LH WKH LQIOXHQFH RI WKH SUHIHUHQFHV RI WKH





Figure 10 The impact of the weighting factor on the WMI values under the condition of thermal 
tracking without battery, with Gelec of 1.0 kWe. Electrical to thermal ratio (ETTR) is referred to by P/H 
in the text. (Original publication II) 
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Figure 11 The detailed four matching indices and AMI for thermal tracking without battery under 
Gelec of 1.0 kWe. Electrical to thermal ratio (ETTR) is referred to by P/H in the text. (Original 
publication II)
 3DUDPHWULFDQDO\VLVRIWKH:0,IRUWKHHOHFWULFDOWUDFNLQJVWUDWHJ\
)LJXUH  SUHVHQWV WKH VLPXODWLRQ UHVXOWV RI WKH DQQXDO:0, YDOXHV RI WKH 
&+3LQUHVSHFWWRWKH3+XQGHUWKHHOHFWULFDOWUDFNLQJVWUDWHJ\ZKLOH)LJXUH
SUHVHQWV WKH VLPXODWLRQ UHVXOWV RI WKH DQQXDO H[WHQGHG LQGLFHV¶ YDOXHV RI WKH 






FXUYH FRQWLQXRXVO\ GHFUHDVHV ZKHUHDV:0,B$ LV UHODWLYHO\ VWDEOH 7KLV FDQ EH
H[SODLQHGDV IROORZV8QGHU WKH HOHFWULFDO WUDFNLQJ VWUDWHJ\ZLWK WKH LQFUHDVHRI
3+ WKH WKHUPDO KHDW SRZHU *KBWKW JHQHUDWHG E\ WKH &+3 FRQWLQXRXVO\
GHFUHDVHVDQGKHDWLQJGHPDQGLVPRUHGHSHQGHQWRQWKHDX[LOLDU\KHDWLQJGHYLFH
LH WKHKHDWLQJ JULG7KHUHIRUH DV3+ LQFUHDVHV IURP WR WKH2(0K
FRQWLQXRXVO\LQFUHDVHVZKLOHWKH2()KFRQWLQXRXVO\GHFUHDVHV0HDQZKLOH2()H




VFHQDULR $ WKH :0,B& FXUYH VLJQLILFDQWO\ GHFUHDVHV ZKHQ WKH 3+ LQFUHDVHV
IURPWR7KHGLIIHUHQFHEHWZHHQWKH:0,B%DQG:0,B'FXUYHVFDQEH
H[SODLQHGLQDVLPLODUPDQQHU7KHPDLQILQGLQJVIURPWKHSDUDPHWULFDQDO\VLVRI
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AMI (right y axis)
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
Figure 12 The impact of the weighting factors on the WMI values under the condition of electrical 
tracking with Gelec of 1.0 kWe. Electrical to thermal ratio (ETTR) is referred to by P/H in the text. 
(Original publication II) 


Figure 13 The detailed four matching indices and AMI for the electrical tracking strategy under Gelec
of 1.0 kWe. Electrical to thermal ratio (ETTR) is referred to by P/H in the text. (Original publication II) 
3.7 Comparison between matching and net primary energy 
consumption 
,Q WKLV VHFWLRQ WKH FRPSDULVRQ EHWZHHQ WKH DQQXDO QHW SULPDU\ HQHUJ\
FRQVXPSWLRQ $13( DQG WKH DQQXDOPDWFKLQJ FDSDELOLW\ DUH LQYHVWLJDWHG ,W LV
DVVXPHG WKDW WKH &+3 LV IHG E\ VXEVWLWXWH QDWXUDO JDV IURP ELRPDVV ELR
V\QJDV7KH153(IDFWRUVIRUJULGHOHFWULFLW\GLVWULFWKHDWLQJDQGELRV\QJDVDUH
JLYHQ LQ 7DEOH  7KH EXLOGLQJ ERXQGDU\ LV WKH IRRWSULQW DUHD RI WKH VWDQGDUG
KRXVH 7KH H[SRUWHG HQHUJ\ LV PXOWLSOLHG E\ WKH VDPH 153( IDFWRU DV WKH
LPSRUWHG RQH EDVHG RQ WKH FRQFHSW RI GLVSODFHG QRQUHQHZDEOH HQHUJ\ LQ WKH
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)LJXUH  SUHVHQWV WKH UHVXOWV RI $13( IRU WKH WZR VHOHFWHG JURXSV RI FDVHV
XQGHUWKHUPDODQGHOHFWULFDOWUDFNLQJVWUDWHJLHV$Q$13(HTXDOWRRUEHORZ]HUR
LQGLFDWHV WKDW WKHKRXVH LV D ³QHW]HUR HQHUJ\ EXLOGLQJ´ $13( RU D ³SOXV
HQHUJ\ EXLOGLQJ´ $13(   RYHU WKH \HDU $V VKRZQ LQ )LJXUH  XQGHU WKH
WKHUPDO WUDFNLQJ VWUDWHJ\ ZLWKRXW D EDWWHU\ IRU *HOHF RI  N:HZKHQ WKH 3+
LQFUHDVHVIURPWRPRUHHOHFWULFLW\LVJHQHUDWHGE\WKH&+3+RZHYHU
WKH LQFUHDVH LQ HOHFWULFDO JHQHUDWLRQ GRHV QRW OHDG WR D FRQVWDQWO\ LQFUHDVLQJ
DPRXQWRIHOHFWULFDOH[SRUW WRWKHHOHFWULFDOJULGEHFDXVHDKLJKHU3+UHVXOWV LQ
JUHDWHU GHSHQGHQF\ RQ WKH DX[LOLDU\ HOHFWULFDO KHDWHUV DQG WKXV LQFUHDVHG
HOHFWULFDOGHPDQGV7KHUHIRUH WKH$13(SURILOHGRHVQRWFRQVWDQWO\GHFUHDVH LQ
UHVSHFWWRWKHLQFUHDVHRI3+EXWSUHVHQWVDSURILOHDVVKRZQLQ)LJXUH2QWKH









RI WKHUPDO KHDW JULG H[SRUW LV EHQHILFLDO IRU UHGXFLQJ WKH $13( ,W FDQ EH
FRQFOXGHGWKDWWKHUHLVQROLQHDUUHODWLRQEHWZHHQDQQXDOPDWFKLQJFDSDELOLW\DQG





Figure 14 Matching and net primary energy consumption for Gelec of 1.0 kWe. (Original publication 
II) 
3.8 Weighting factors of the WMI and their mathematical models 
(original publication III) 
7KH ZHLJKWLQJ IDFWRUV LQ WKH :0, GHILQLWLRQ DUH SUHIHUHQFHV UHIOHFWLQJ WKH
LPSRUWDQFHRIHDFKH[WHQGHGPDWFKLQJLQGH[IURPWKHPDWFKLQJDQDO\VLVSRLQWRI
YLHZ7RDVVHVVEXLOGLQJJULG LQWHUDFWLRQHVSHFLDOO\ IRUQHDUO\DQGQHW=(% WZR
H[WUHPHVLWXDWLRQVKDYHWREHTXDQWLILHGXVLQJWKHVXLWDEOHLQGLFDWRUVDVJLYHQLQ
>@7KHWZRRSSRVLWHH[WUHPHVLWXDWLRQVDUHLDORDGPDWFKLQJSULRULW\VWUDWHJ\
PD[LPL]LQJ WKH ORDG PDWFKLQJ LL DQ HQHUJ\ H[SRUW SULRULW\ VWUDWHJ\
PD[LPL]LQJ WKH HQHUJ\ H[SRUW 7KHVH WZR RSSRVLWH H[WUHPH VLWXDWLRQV ZLOO EH
GHILQHGE\1=(%PDWFKLQJVLWXDWLRQV7KHORDGPDWFKLQJSULRULW\VWUDWHJ\PHDQV
WKDW WKH VHOIFRQVXPSWLRQ RI WKH RQVLWH JHQHUDWHGHQHUJ\KDV WR EHPD[LPL]HG
7KLV PHDQV PD[LPL]LQJ Z 2()H Z 2()K LQ (T  7KH HQHUJ\ H[SRUW
SULRULW\ VWUDWHJ\ PHDQV WKDW WKH RQVLWH JHQHUDWHG HQHUJ\ KDV WR EH H[SRUWHG
UHJDUGOHVV RI WKH EXLOGLQJ
V ORDG RU VWRUDJH SRVVLELOLWLHV DLPLQJ WR IXOILOO WKH







LQSXW SULPDU\ HQHUJ\ DVVRFLDWHG ZLWK WKH LQSXW IXHO LV DOORFDWHG EDVHG RQ WKH
HQHUJ\ FRQWHQW RI WKH HOHFWULFLW\ DQG KHDW SURGXFWLRQ ,Q WKLV VWXG\ WKH HQHUJ\
FRQWHQW UHIHUV WR WKH ORZHU KHDWLQJ YDOXH /+9 RI WKH IXHO VXSSO\ 7KH 153(
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ANPE for thermal tracking without battery
ANPE for electrical tracking
AMI for thermal tracking without battery (right y axis)
WMI for thermal tracking without battery (right y axis)
AMI for electrical tracking (right y axis)
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IDFWRUV&2 HTXLYDOHQWHPLVVLRQ IDFWRUVRUFRVWV LW LV IRXQG WKDW LQPRVWFDVHV
JULGHOHFWULFLW\KDVWKHKLJKHVWIDFWRUVWKHQIRVVLOIXHOVWKHQGLVWULFWKHDWLQJWKHQ
UHQHZDEOHHQHUJLHVZKHWKHU LW LV UHQHZDEOH IXHO LHELRJDVRUELRPDVVRUVRODU
HQHUJ\7KXVWKH153(IDFWRUV&2HTXLYDOHQWHPLVVLRQIDFWRUVDQGWKHFRVWVRI
WKHIXHOVXSSO\DQGWKHLPSRUWHGDQGH[SRUWHGHQHUJLHVIURPWRWKHJULGVFDQEH
XVHG WR FDOFXODWH WKH ZHLJKWLQJ IDFWRUV RI WKH :0, 7KH SK\VLFDO DQG
PDWKHPDWLFDOH[SODQDWLRQLVGHVFULEHGDVIROORZV7KHZHLJKWLQJIDFWRUZRIWKH
RQVLWHHOHFWULFDO HQHUJ\ IUDFWLRQ2()H LV FDOFXODWHGEDVHGRQ WKHJULGHOHFWULFLW\
153( IDFWRU EHFDXVH WKH 2()H LGHQWLILHV WKH SURSRUWLRQ RI HQHUJ\ GHPDQG
FRYHUHGE\WKHRQVLWHHOHFWULFDOHQHUJ\JHQHUDWLRQLQVWHDGRI WKHJULGHOHFWULFLW\
6LPLODUO\WKHRQVLWHJHQHUDWHGKHDWUHSODFHVWKHWKHUPDOKHDWLQJJULGWRFRYHUWKH
WKHUPDO GHPDQG SDUWLDOO\ RU WRWDOO\ EDVHG RQ WKH FRQWURO VWUDWHJ\ DQG WKH
FKDUDFWHULVWLFVRI WKH &+37KHUHIRUH WKHZHLJKWLQJ IDFWRU Z RI WKH RQVLWH
WKHUPDO HQHUJ\ IUDFWLRQ 2()K FDQ EH FRUUHVSRQGLQJO\ FDOFXODWHG EDVHG RQ WKH
WKHUPDOKHDWJULG153(IDFWRU7KH2(0LGHQWLILHVWKHRQVLWHJHQHUDWHGHQHUJ\
SURSRUWLRQ EHLQJ FRQVXPHG LQ WKH EXLOGLQJ DQG WKH V\VWHP UDWKHU WKDQ EHLQJ
H[SRUWHGRUGXPSHG7KHUHIRUHWKHZHLJKWLQJIDFWRUVZDQGZRI2(0HDQG
2(0K FDQ EH UHDVRQDEO\ FDOFXODWHG WR UHIOHFW WKH 153( IDFWRUV RI WKH RQVLWH
HOHFWULFDODQGWKHUPDOHQHUJ\JHQHUDWHGE\WKH&+3UHVSHFWLYHO\7KHZDQG
46 
Z DOZD\V KDYH WKH VDPH YDOXHV GXH WR WKH XVH RI WKH VLPSOH HQHUJ\ FRQWHQW
DOORFDWLRQPHWKRG
0DWKHPDWLFDOO\ HDFK ZHLJKWLQJ IDFWRU ZL LV H[SUHVVHG DV D UDWLR RI LWV












I&+3H DQG I&+3K WR WKH VXP RI WKH IRXU 153( IDFWRUV UHVSHFWLYHO\ 7KH
PDWKHPDWLFDOIRUPXODVRIFDOFXODWLQJWKHZHLJKWLQJIDFWRUVDUHJLYHQE\(T

 ݓଵ ൌ ௚݂௥௜ௗǡ௘௟
௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ஼݂ு௉ǡ௘௟ ൅ ஼݂ு௉ǡ௛
 D
 ݓଶ ൌ ஼݂ு௉ǡ௘௟
௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǤ௛ ൅ ஼݂ு௉ǡ௘௟ ൅ ஼݂ு௉ǡ௛ E
 ݓଷ ൌ ௚݂௥௜ௗǡ௛௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ஼݂ு௉ǡ௘௟ ൅ ஼݂ு௉ǡ௛ F
 ݓସ ൌ ஼݂ு௉ǡ௛
௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ஼݂ு௉ǡ௘௟ ൅ ஼݂ு௉ǡ௛ G

7DEOHVKRZV WKHZHLJKWLQJ IDFWRUVZLRI WKH:0, IRU WKH&+3 IHGE\1*
DQGELRV\QJDVZLWKǆ&+3RYHUDOOZKHQWKH153(IDFWRUVLQ7DEOHDUHXVHG
Table 10 The weighting factors of the WMI for μ-CHP fed by bio-syngas and natural gas (NG). 
(Original publication III) 
)XHOVXSSO\RI
&+3
ZRI2()H ZRI2(0H ZRI2()K ZRI2(0K
%LRV\QJDV    










DQDO\VLV LH FRPSDULQJ EHWZHHQ YDOXHV Z DQG Z WZR RSSRVLWH UHVXOWV DUH
REWDLQHGUHJDUGLQJ WKH IXHO VRXUFHRI WKH&+3DVVKRZQ LQ7DEOH )RUELR
V\QJDVZLVKLJKHUWKDQZUHIOHFWLQJWKH1=(%PDWFKLQJVLWXDWLRQVZKLOHZLV










7KH VXJJHVWHG PHWKRGRORJ\ IRU FDOFXODWLQJ ZHLJKWLQJ IDFWRUV LV EDVHG RQ WKH
153) RI WKH IXHO XVHG E\ WKH RQVLWH JHQHUDWLRQ V\VWHP :LWK K\EULG RQVLWH
JHQHUDWLRQ V\VWHPV LH&+3ZLWK39DQGRU67&PRGXOHV WKHUH VKRXOGEHD
VLQJOH YDOXH IRU WKH 153( IDFWRU ZKLFK FDQ EH XVHG WR FDOFXODWH WKH ZHLJKWLQJ
IDFWRUV 7KHUHIRUH WKHRQVLWH RYHUDOO153( IDFWRUV IRQVLWHRYHUDOOHO DQG IRQVLWHRYHUDOOK
DUHVXJJHVWHG IRU WKHRQVLWHJHQHUDWLRQRIHOHFWULFLW\DQGKHDWUHVSHFWLYHO\7KH
RYHUDOO 153( IDFWRU LV FDOFXODWHG SURSRUWLRQDOO\ IRU HDFK RI WKH HOHFWULFDO DQG
WKHUPDO JHQHUDWHG HQHUJLHV YLD DOO RQVLWH VXSSO\ V\VWHPV DV VKRZQ LQ(T 
)RUH[DPSOHDVVKRZQLQ)LJXUHHOHFWULFLW\DQGKHDWDUHSURGXFHGRQVLWHE\WKH















ሺ ஼݂ு௉ǡ௘௟ כ ܩ஼ு௉ǡ௘௟ ൅ ௦݂௢௟௔௥ǡ௘௟ כ ܩ௉௏ǡ௘௟ሻ
ܩ஼ு௉ǡ௘௟ ൅ ܩ௉௏ǡ௘௟ 
 D
 ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௛ ൌ
ሺ ஼݂ு௉ǡ௛ כ ܩ஼ு௉ǡ௛ ൅ ௦݂௢௟௔௥ǡ௛ כ ܩௌ்஼ǡ௛ሻ








 ݓଵ ൌ ௚݂௥௜ௗǡ௘௟௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௘௟ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௛ D
 ݓଶ ൌ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௘௟௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௘௟ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௛ E
 ݓଷ ൌ ௚݂௥௜ௗǡ௛௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௘௟ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௛ F
 ݓସ ൌ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௛௚݂௥௜ௗǡ௘௟ ൅ ௚݂௥௜ௗǡ௛ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௘௟ ൅ ௢݂௡ି௦௜௧௘ǡ௢௩௘௥௔௟௟ǡ௛ G

7KH ZHLJKWLQJ IDFWRUVZL ZLOO FKDQJH IURP FDVH WR FDVH ZKHQ WKLV PHWKRG LV
DSSOLHG IRU &+3ZLWK 39 DQGRU 67&PRGXOHV +RZHYHU WKH 153( IDFWRU RI
VRODU HQHUJ\ LV FRQVLGHUHG HTXDO WR ]HUR DV UHIHUULQJ WR WKH SRUWLRQ RI QRQ
UHQHZDEOHHQHUJ\FRQVXPHGWRSURGXFHHOHFWULFLW\RUWKHUPDOHQHUJ\IURPWKH39
DQG 67& 7DEOH  WKH 39 DQG 67&PRGXOHV DV VXSSOHPHQWDU\ V\VWHPV YDULHV
IURPFDVHWRFDVHIXOILOOLQJWKHDQQXDO1=(%EDODQFHZLWKWKH&+3DVWKHPDLQ
RQVLWHHQHUJ\VXSSO\V\VWHP
3.9 The WMI with weighting factors calculated by proposed model 
 3DUDPHWULFDQDO\VLVRIRQVLWH&+3XQGHUWKHWKHUPDOWUDFNLQJ
VWUDWHJ\
7KH H[WHQGHGPDWFKLQJ LQGLFHV FDOFXODWLRQGHSHQGV RQO\ RQ WKH HOHFWULFDO DQG
WKHUPDOHQHUJLHVDVVKRZQE\(TVWKXVWKH\KDYHWKHVDPHYDOXHVIRU
ERWKELRV\QJDV DQG1*IXHOHG&+3V7KHZHLJKWLQJ IDFWRUV RI WKH H[WHQGHG
PDWFKLQJ LQGLFHV DUHVKRZQ LQ7DEOH 7KH:0,VRI WKHELRV\QJDV DQG1*
IXHOHG &+3V DV WKH RQVLWH HQHUJ\ V\VWHPV DUH VKRZQ LQ )LJXUH D DQG E
UHVSHFWLYHO\ZKHUHWKHYDULDWLRQEHWZHHQWKHELRV\QJDVDQG1*&+3VLVRQO\
GXH WR D YDULDWLRQ RI WKH ZHLJKWLQJ IDFWRUV ,Q )LJXUH D WKH KLJKHVW:0, LV



















Figure 15 The overall annual weighting matching index WMI for μ-CHPs under the thermal tracking 
strategy. (Original publication III) 
)LJXUHVKRZVWKHLPSRUWHGDQGH[SRUWHGSULPDU\HQHUJ\RIELRV\QJDVDQG
1*IXHOHG&+3VXQGHUWKHWKHUPDOWUDFNLQJVWUDWHJ\7KLVILJXUHZDVVXJJHVWHG
WR SUHVHQW DQ RYHUDOO YLHZ RI WKH PDWFKLQJ VLWXDWLRQ >68@ EXW ZLWKRXW GHWDLOHG
TXDQWLWDWLYH YDOXHV DV JLYHQ E\ WKH :0, DQG WKH H[WHQGHG PDWFKLQJ LQGLFHV
WDNLQJLQWRDFFRXQWDOOHQHUJ\LPSRUWHGDQGH[SRUWHGFDUULHUVLQFOXGLQJWKHIXHO




LPSRUWHG SULPDU\ HQHUJ\ UHSUHVHQWV WKH EHVW PDWFKLQJ VLWXDWLRQ UHJDUGLQJ WKH
FRYHULQJ GHPDQG E\ RQVLWH JHQHUDWHG HQHUJLHV 7KH ORZHVW H[SRUWHG SULPDU\
HQHUJ\ UHSUHVHQWV WKH EHVW PDWFKLQJ VLWXDWLRQ UHJDUGLQJ RQVLWH JHQHUDWLRQ
XWLOL]HGE\EXLOGLQJGHPDQGV)RUWKHELRV\QJDVIXHOHG&+3LQ)LJXUHDWKH
FDVH RI  N:H ELRV\QJDVIXHOHG &+3 DQG  3+ UDWLRV ZKLFK KDV WKH
PLQLPXP LPSRUWHG SULPDU\ HQHUJ\ IXOILOOLQJ WKH1=(% EDODQFH LV WKH VDPH DV
WKDWKDVEHHQREWDLQHGE\WKH:0,)RUWKH1*IXHOHG&+3LQ)LJXUHEWKH
LPSRUWH[SRUWSULPDU\HQHUJ\ILJXUHGRHVQRWUHIHUWRWKHVDPHFRQFOXVLRQVDVWKH
:0,7KH UHDVRQ LV WKDW WKHH[WHQGHGPDWFKLQJ LQGLFHVGHDOZLWK HOHFWULFDO DQG
WKHUPDOHQHUJLHVQRWOLNHWKHLPSRUWH[SRUWSULPDU\HQHUJ\EDODQFHZKLFKGRHV







Figure 16 Imported and exported primary energy of μ-CHPs under the thermal tracking strategy. 
(Original publication III) 
 3DUDPHWULFDQDO\VLVRIRQVLWH&+3DQG39XQGHUWKHUPDOWUDFNLQJ
VWUDWHJ\
7KH:0, IRU DOO FDVHV IXOILOOLQJ WKH1=(% EDODQFH DUH VKRZQ LQ )LJXUH  ,W
VKRXOGEHQRWHG WKDW WKHZHLJKWLQJ IDFWRUVXVHG WRFDOFXODWH WKH:0,YDU\ IURP
FDVHWRFDVHGHSHQGLQJRQWKH39DUHDDQGPHWKRGRORJ\DVLOOXVWUDWHGLQVHFWLRQ
 )RU LQVWDQFH WKH YDULDWLRQV RIZZ DQGZ DUH EHWZHHQDQG
ZKLOHWKHYDULDWLRQRIZLVEHWZHHQDQG7KHPDLQUHDVRQLVUHODWHGWR
WKH]HUR153(IDFWRURIVRODUHQHUJ\)RUWKHELRV\QJDVIXHOHG&+3LQ)LJXUH
D WKHKLJKHVW:0,KDV D YDOXH RI FRUUHVSRQGLQJ WR N:H&+3DW
3+ UDWLR RI  DQG D 39 DUHD RI P 7KH UHDVRQ IRU FKDQJLQJ WKH KLJKHVW
PDWFKLQJFDVHIURPN:H&+3ZLWKRXWLQVWDOOLQJDQ\39)LJXUHDWR










Figure 17 The overall annual weighting matching index for μ-CHP and PV modules under the 















PDWFKLQJ VLWXDWLRQV E\ JLYLQJ SULRULW\ WR XWLOL]LQJ RQVLWH JHQHUDWHG WKHUPDO
HQHUJ\RYHUFRYHULQJORFDOGHPDQGE\RQVLWHJHQHUDWHGWKHUPDOHQHUJ\7KH:0,
LVDSSUR[LPDWHO\FRQVWDQWIRUDOO1*IXHOHG&+3ZKLFKKDYHD3+UDWLRKLJKHU
WKDQ  EHFDXVH RI WKH IDFW WKDW PXOWLSO\LQJ WKH 2()K DQG 2(0K E\ DZ RI
DQGDZRIUHVSHFWLYHO\QHJOHFWVWKHLQIOXHQFHRIGHFUHDVLQJ2()K
HJIRUN:H&+32()KGHFUHDVHVIURPDWD3+UDWLRWRDWD






Figure 18 The overall annual weighting matching index for μ-CHPs under the electrical tracking 
strategy. (Original publication III) 
7KHLPSRUWHGDQGH[SRUWHGSULPDU\HQHUJ\IRUWKH&+3VXQGHUWKHHOHFWULFDO
WUDFNLQJ VWUDWHJ\ DUH VKRZQ LQ )LJXUH  $V VKRZQ LQ )LJXUH  IRU ERWK ELR
V\QJDV DQG 1*IXHOHG &+3V WKH LPSRUWH[SRUW SULPDU\ HQHUJ\ ILJXUHV
LQGLFDWHDSSUR[LPDWHO\WKHVDPHKLJKHVWPDWFKLQJFDVHVDVJLYHQE\WKH:0,7KH
UHDVRQIRUREWDLQLQJWKHVDPHUHVXOWVE\WKH:0,DQGWKHLPSRUWH[SRUWILJXUHV








Figure 19 Imported and exported primary energy of μ-CHPs under the electrical tracking strategy. 









N:H&+3DQG IRURWKHUV FRPSDUHG WR FDVHVZLWKRXW67&7KH UHDVRQ LV
WKDW 2(0K LV GHFUHDVHG E\ LQFUHDVLQJ WKH H[SRUWHG WKHUPDO HQHUJ\ GXH WR
LQVWDOOLQJWKH67&PRGXOHV)RUWKH1*IXHOHG&+3LQ)LJXUHEWKHUHODWLRQV












Figure 20 The overall annual weighting matching index for μ-CHP and STC modules under the 
electrical tracking strategy. (Original publication III) 
3.10 Summary 
6HFWLRQ  FDQ EH VXPPDUL]HG DV IROORZV 7KH HQHUJ\ PDWFKLQJ WRSRORJ\
LQWURGXFHGHDUOLHULQ6HFWLRQZDVGHYHORSHGWREHDEOHWRKDQGOHWKHHQHUJ\
PDWFKLQJ DQDO\VLV RI WKH PLFURFRJHQHUDWLRQ V\VWHP RSHUDWHG XQGHU WKHUPDO
WUDFNLQJ ZLWK D HOHFWULFDO JULG IHHGLQ VFKHPH DQG HOHFWULFDO WUDFNLQJ ZLWK D
WKHUPDOKHDWJULGIHHGLQVFKHPH7KHPRVWLPSRUWDQWFRQWULEXWLRQLVGHYHORSLQJ
DQRYHUDOOPDWFKLQJLQGH[:0,E\FRPELQLQJWKHH[WHQGHGLQGLFHVE\PXOWLSO\LQJ
WKHP E\ FHUWDLQ ZHLJKWLQJ IDFWRUV H[SUHVVLQJ WKH SUHIHUHQFHV RI HDFK %RWK WKH
RYHUDOODQGH[WHQGHGLQGLFHVFDQEHXVHGWRDQDO\]HWKHPDWFKLQJVLWXDWLRQIURP
ERWK WKH RYHUDOO YLHZSRLQW DQG DV ZHOO DV GHWDLOHG VSHFLILF YLHZSRLQWV 7KH
ZHLJKWLQJ IDFWRUV FDOFXODWLRQ PRGHO RI WKH :0, SURSRVHV SK\VLFDOO\ DQG
54 
PDWKHPDWLFDOO\ EDVHG QRQUHQHZDEOH SULPDU\ HQHUJ\ 153( IDFWRUV RU RWKHU
VXFK DV &2 HTXLYDOHQW HPLVVLRQ IDFWRUV DQG FRVWV IRU WKH GLIIHUHQW HQHUJ\
FDUULHUV FURVVLQJ WKH EXLOGLQJ ERXQGDU\ %HVLGHV WKDW WKH SURSRVHGPRGHO DLPV
EDVLFDOO\ WR EH DSSOLHG RQ WKH PLFURFRJHQHUDWLRQ &+3 XQGHU WKHUPDO DQG





4. The performance of small scale multi-
generation technologies in achieving 
cost-optimal and zero-energy office 
building solutions (original publication IV 
and V) 
4.1 Objective 




RI%XLOGLQJV'LUHFWLYH (%3'FRPSDUDWLYH IUDPHZRUNPHWKRGRORJ\ LV IROORZHG
7KH ORFDO FRVWRSWLPDO VROXWLRQ IRU DQ RIILFH EXLOGLQJ LQ +HOVLQNL )LQODQG LV
GHWHUPLQHGIRUHDFK+&(*6DVZHOODVWKHJOREDOFRVWRSWLPXP7KHQ=(%DQG
1=(% DUH DOVR LQYHVWLJDWHG E\ H[WHQGLQJ WKH ORFDO FRVW RSWLPDO DQG PLQLPXP
HQHUJ\SHUIRUPDQFHVROXWLRQVIRUDOO+&(*6VXVLQJDSKRWRYROWDLFSDQHOV\VWHP
4.2 Methodology 
,Q WKLV VWXG\ WR ILQG WKH ORFDO FRVWRSWLPDO OHYHOV DV ZHOO DV WKH JOREDO FRVW
RSWLPDO OHYHO IRU WKH LPSOHPHQWHG KHDWLQJFRROLQJ HQHUJ\ JHQHUDWLRQ V\VWHP




 WKHUHIHUHQFHRIILFHEXLOGLQJ LVGHILQHG,QVWHS WKHSURSRVHGEXLOGLQJ((0
DUH GHILQHG DQG DOO EXLOGLQJ ((0 FRPELQDWLRQV DUH VLPXODWHG ,Q VWHS  WKH
GHOLYHUHGHQHUJLHVIRUDOOFRPELQDWLRQVDUHFDOFXODWHGXVLQJSRVWSURFHVVLQJRIWKH
DQQXDO KHDWLQJ FRROLQJ DQG HOHFWULFDO GHPDQGV FRQVLGHULQJ WKH GLVWULEXWLRQ
HIILFLHQFLHVDVZHOODVWKHDQQXDOKHDWLQJDQGFRROLQJDYHUDJHHIILFLHQFLHV,QVWHS





UHSODFHPHQW RSHUDWLRQ DQG PDLQWHQDQFH 2	0 DQG ILQDOO\ WKH WRWDO




Figure 21 Schematic diagram for the layout of the methodology. (Original publication IV) 

$FFRUGLQJWRWKH(3%'FRPSDUDWLYHPHWKRGRORJ\IUDPHZRUN>@WKHOLIHF\FOH
FRVW /&& FDOFXODWLRQ LV WKH PHWKRG XVHG WR DVVHVV WKH YLDELOLW\ RI EXLOGLQJ
SHUIRUPDQFH 7KH /&& LV WKH VXP RI WKH SUHVHQW YDOXH RI WKH LQYHVWPHQW DQG
GLVFRXQWHGRSHUDWLRQDOFRVWVRIWKHEXLOGLQJDQGVHUYLFHVV\VWHPVLQFOXGLQJWKRVH
UHODWHG WR PDLQWHQDQFH DQG UHSODFHPHQW LQFOXGLQJ WD[HV RYHU D VSHFLILHG
FDOFXODWLRQSHULRG ,QERWKRULJLQDOSXEOLFDWLRQV ,9DQG9 WKH WRWDO LQFUHPHQWDO
OLIHF\FOH FRVW G/&& LV FDOFXODWHG DQG SUHVHQWHG DV D GLIIHUHQFH FRVW EHWZHHQ
HDFK +&(*6 DQG D GHILQHG UHIHUHQFH FDVH ZKLFK FRQVLVWV RI WKH UHIHUHQFH
EXLOGLQJVHUYHGE\FHUWDLQ+&(*6DV JLYHQE\(T 7KH/&&FDOFXODWLRQ
IROORZVD ILQDQFLDOFRVWFDOFXODWLRQFRQFHUQLQJLQGLYLGXDORZQHUSHUVSHFWLYH>@




 ݀ܮܥܥሺ߬ሻ ൌ ܮܥܥ െ ܮܥܥ௥௘௙ 

7KH QHDUO\ ]HURHQHUJ\ EXLOGLQJ Q=(% ZDV GHILQHG HDUOLHU LQ 6HFWLRQ 
)LQODQG KDV QRW \HW DQQRXQFHG DQ RIILFLDO Q=(% GHILQLWLRQ +RZHYHU LW FDQ EH
DVVXPHGWKDWWKHQ=(%UHTXLUHPHQWLVWKHKLJKHVWHQHUJ\HIILFLHQWFODVVDFFRUGLQJ
WR WKHFXUUHQW)LQQLVKUHJXODWLRQVEXLOGLQJHQHUJ\FHUWLILFDWH >69@7KHUHIRUH IRU
RIILFHEXLOGLQJV WKHKLJKHVW HQHUJ\ HIILFLHQW FODVV LV ³$´ZKHUH WKH LPSRUWHG3(
57 
KDV WR EH OHVV WKDQ .:KPD 6LPLODUO\ WR WKH FRVWRSWLPDO FDOFXODWLRQ WKH




VLWH UHQHZDEOH HQHUJ\ JHQHUDWLRQ V\VWHP DV VKRZQ E\ D ELRPDVVEDVHG ,)*7
V\VWHP ZLWK 1=(%)LQQLVK HPLVVLRQ LQ 6HFWLRQ  ,Q WKLV VWXG\ ZLWK 1=(%
)LQQLVK 3( WKH SKRWRYROWDLF SDQHO 39 V\VWHP LV FKRVHQ DV 5(7 WR EH
LPSOHPHQWHG LQ WKHRIILFHEXLOGLQJ VWHS)LJXUH7KHUHIRUH WKHHOHFWULFLW\
SURGXFHG YLD39 FDQ EH XWLOL]HG IRU WKH HOHFWULFDO GHPDQG WR UHGXFH WKH HQHUJ\
FRVW RI HOHFWULFLW\ DQG WKH VXUSOXV HOHFWULFLW\ FDQ EH H[SRUWHG WR WKH JULG IRU
FRPSHQVDWLQJ WKH LPSRUWHGHQHUJLHV DQG WRPDNH ILQDQFLDOSURILWV$V VKRZQ LQ
VWHSLQ)LJXUHWKH39SDQHOVDUHLQVWDOOHGLQERWKWKHORFDOFRVWRSWLPDODQG
PLQLPXP HQHUJ\ SHUIRUPDQFH VROXWLRQV IRU HDFK +&(*6V 7KH DLP LV WR
LQYHVWLJDWHWKHHFRQRPLFYLDELOLW\RIDFKLHYLQJWKHQ=(%DQG1=(%EDVHGRQERWK
VROXWLRQVDQGFRPSDULQJWKHP+RZHYHULQRULJLQDOSXEOLFDWLRQ9RQO\WKH1=(%
LV LQYHVWLJDWHG E\ H[WHQGLQJ WKH ORFDO FRVWRSWLPDO DQG PLQLPXP HQHUJ\
SHUIRUPDQFHVROXWLRQVIRUHDFK+&(*6
4.3 An office building as a case study 
 5HIHUHQFHEXLOGLQJGHVFULSWLRQ
7KHRIILFHEXLOGLQJLVWKHUHSUHVHQWDWLYHRIILFHEXLOGLQJLGHQWLILHGLQ>@ORFDWHG







>@ XVLQJ UHIHUHQFH \HDU ZHDWKHU GDWD 9DQWDD 75< >70@ XVHG DV ZHOO LQ
>@ )LJXUH  VKRZV D SODQ IRU WKH W\SLFDO IORRU DQG EXLOGLQJ PRGHO LQ D
VLPXODWLRQSURJUDP7KHVLPXODWLRQDQQXDOGHPDQGVRIWKHUHIHUHQFHEXLOGLQJDUH
N:KPDDQQXDOVSDFHKHDWLQJ63+N:KPDYHQWLODWLRQKHDWLQJ
N:KPD VSDFH FRROLQJ 63&  N:KPD YHQWLODWLRQ FRROLQJ DQG 
N:KPD '+: 7KH HOHFWULFDO GHPDQGV DUH  N:KPD OLJKWLQJ 




Figure 22 Typical floor plan and the 3D model in IDA ICE of the simulated reference office building. 
(Original publication IV) 
Table 11 Envelope properties, operation schedules, and set points of the reference office building 




















a All detailed profiles depend on the zones utilization, for example, offices, meeting rooms, etc. 
[42]. 
 (QHUJ\HIILFLHQF\PHDVXUHV((0DQGSDFNDJHV
,Q ERWK RULJLQDO SXEOLFDWLRQ ,9 DQG 9  EXLOGLQJ ((0 FRPELQDWLRQV DUH




LQ RULJLQDO SXEOLFDWLRQ ,9 DQG9 $OO  EXLOGLQJ ((0 FRPELQDWLRQV LQFOXGLQJ




\LHOG DOWRJHWKHU  FDVHV LQ RULJLQDO SXEOLFDWLRQ ,9 $SSHQGL[ % VKRZV WKH




&+3 DQG &&+3 WHFKQRORJLHV 7KH WHFKQLFDO DQG HFRQRPLF FKDUDFWHULVWLFV RI DOO
+&(*6VDUHLOOXVWUDWHGLQGHWDLOLQRULJLQDOSXEOLFDWLRQ,9DQG9












































,Q RULJLQDO SXEOLFDWLRQ ,9 WKH WKHUPDO KHDWLQJ DQG FRROLQJ FDSDFLWLHV RI DOO
KHDWLQJDQGFRROLQJV\VWHPVYDU\IURPEXLOGLQJFRPELQDWLRQWRDQRWKHUWRFRYHU
WKH SHDN WKHUPDO KHDW GHPDQGV IRU HDFK $OVR WKH FDSDFLWLHV RI ELRPDVVEDVHG
&&+3 DUH VL]HG WR FRYHU WKH WRWDO SHDN WKHUPDO KHDWLQJ GHPDQG UHTXLUHG IRU
KHDWLQJ DQG FRROLQJ SXUSRVHV >71@ ,Q RULJLQDO SXEOLFDWLRQ 9 WKH LQYHVWLJDWHG
ELRPDVVEDVHG &+3V¶ FDSDFLWLHV DUH RSWLPL]HG )RU WKH*6+3*& WKH ERUHKROH
OHQJWKV UHTXLUHG IRU ERWK KHDWLQJ DQG IUHH JURXQG FRROLQJ SXUSRVHV RI WKH 
EXLOGLQJFRPELQDWLRQVDUHFDOFXODWHGDQGRSWLPL]HGXVLQJ(('(DUWK(QHUJ\
'HVLJQHU VRIWZDUH >72@ $OO KHDWLQJ DQG FRROLQJ V\VWHPV KDYH D OLIH VSDQ RI 
\HDUV7KHUHIRUH WKHUH LV QR UHSODFHPHQW IRU DQ\KHDWLQJRU FRROLQJ V\VWHP$OO
&+3VDUHRSHUDWHGWR WUDFNWKHWKHUPDOGHPDQGVZLWK212))RSHUDWLRQXVLQJ
WKHGHDGEDQGRIDZDWHUVWRUDJHV\VWHPZLWKDFDSDFLW\RIFXELFPHWHUV7KH
VDPH FRQWURO VWUDWHJ\ZDV XVHG LQ RULJLQDO SXEOLFDWLRQ , ,Q WKLV VWXG\ WKHUH LV
RQO\ RQH YDOXH IRU WKH DQQXDO FRVWV LQFOXGLQJ WKH VXEVFULSWLRQ IHHV DV ZHOO DV
RSHUDWLRQDQGPDLQWHQDQFH2	0IHHV
60 
7KH UHIHUHQFH RIILFH EXLOGLQJ KDV ((0V RI ZDOO  ZLQ  LQI  %663  7KH
UHIHUHQFHFDVHFRQVLVWVRIWKHUHIHUHQFHEXLOGLQJVHUYHGE\'+9&5DV+&(*6
7KH'+9&5LVVHOHFWHGEHFDXVHLQWKHXUEDQDUHDRIWKH+HOVLQNLUHJLRQWKH'+





7KH HQHUJ\ SHUIRUPDQFH LV FRPPRQO\ GHILQHG E\ 3( FRQVXPSWLRQ7KHUHIRUH
WKHQDWLRQDO)LQQLVKFRQYHUVLRQ3(IDFWRUVDQGDUHJLYHQLQ7DEOH
Table 13 Energy carriers’ primary energy factors. (Original publication IV) 
(QHUJ\FDUULHU (OHFWULFLW\ '+ '& 3HOOHWV 1* 'LHVHORLO
3ULPDU\HQHUJ\
IDFWRUN:KSHN:K
     

7KHVWDUWLQJ\HDURIWKHFRVWFDOFXODWLRQLV$OOFRVWVWDNHQIURPUHIHUHQFHV
EHIRUHDUHXSGDWHGEDVHGRQEXLOGLQJFRVW LQGLFHVDQG LQIODWLRQUDWHV IURP
>75@ 7KH FDOFXODWLRQ SHULRG LV  \HDUV )RU WKH EDVLF FDOFXODWLRQV D  UHDO
GLVFRXQW UDWH LV XVHG >@ 7KH VHQVLWLYLW\ DQDO\VLV LV FDUULHG RXW ZLWK WKUHH
GLIIHUHQW UHDO GLVFRXQW UDWHV RI   DQG $OO EXLOGLQJ((0V KDYH D OLIH
VSDQHTXDOWRWKHFDOFXODWLRQSHULRG7KHUHIRUHWKHUHVLGXDOYDOXHZLOOHTXDO]HUR
IRUDOO((0VDQGSDFNDJHV1RGLVSRVDOFRVWVIRUEXLOGLQJHOHPHQWVDQG((0VDUH
WDNHQ LQWR FRQVLGHUDWLRQ 7DEOH  VKRZV WKH IXHO DQG HQHUJ\ SULFHV DQG WKHLU
HVFDODWLRQ UDWHV REWDLQHG IURP >76@ $OO HQHUJ\ SULFHV LQFOXGH WD[HV DQG
WUDQVSRUWDWLRQFRVWV









5HJDUGLQJ WKH H[SRUWHG HOHFWULFLW\ SURGXFHG E\PXOWLJHQHUDWLRQ V\VWHPV WKH
FXUUHQW )LQQLVK HQHUJ\ SROLF\ IRU WKH IHHGLQ WDULII VWDWHV WKDW WKH H[SRUWHG





DVVXPHG WKDW IRU DOO &+3 WHFKQRORJLHV LQFOXGLQJ WKH IRVVLO IXHOEDVHG WKH
H[SRUWHG HOHFWULFLW\ SULFH LV ¼0:KZLWKRXW WDNLQJ LQWR FRQVLGHUDWLRQ DQ\
LQIODWLRQUDWHRYHUWKHFDOFXODWLRQSHULRG
 ,PSOHPHQWLQJ39SDQHOVWRDFKLHYHQ=(%DQG1=(%
$FFRUGLQJ WR WKH RIIHU SURYLGHG E\ WKH ORFDO HQHUJ\ GLVWULEXWLRQ FRPSDQLHV
)RUWXP&RPSDQ\>78@DQG+HOVLQJLQ(QHUJLD>79@ LQ WKH+HOVLQNL UHJLRQ WKH39
V\VWHP LV LQVWDOOHG FRPSOHWHO\ E\ WKRVH FRPSDQLHV DQG WKH\ JLYH IHHV IRU
SXUFKDVLQJ WKH VXUSOXV HOHFWULFLW\ %DVHG RQ WKH RIIHUHG 39 V\VWHP E\ >@ WKH
LQVWDOODWLRQSULFHRIWKHZKROH39V\VWHPLV¼PLQFOXGLQJ9$7ZLWKD
\HDU JXDUDQWHH 7KH DQQXDO VHUYLFH IHH LV  ¼ ,Q WKLV VWXG\ WKH KRXUO\
HOHFWULFLW\SURGXFHGE\WKH39V\VWHPLVFDOFXODWHGE\7516<6VRIWZDUH>80@
DFFRUGLQJ WR LWV VSHFLILFDWLRQV >81@XVLQJ WKH VDPH UHIHUHQFH\HDU¶VZHDWKHUGDWD
9DQWDD 75< >@ 7KH RULHQWDWLRQ RI WKH 39 PRGXOHV LV VHOHFWHG WR EH
KRUL]RQWDO LQVWHDGRI WKHRSWLPDORULHQWDWLRQ VKRZQ LQ6HFWLRQ WRXWLOL]H WKH
ZKROHURRIDUHDZLWKRXWORVLQJLQEHWZHHQDUHDVZKHQWKH39PRGXOHVDUHWLOWHG
LQ RUGHU WR DYRLG WKHP VKDGLQJ HIIHFW RQ HDFK RWKHU 7KHUHIRUH WKHPD[LPXP
FROOHFWHGVRODUHQHUJ\FDQEHDFTXLUHG7KHFDOFXODWHGHOHFWULFLW\SURGXFWLRQDIWHU
WKH LQYHUWHU RI RQH VTXDUH PHWHU RI 39 LV  N:KD 7KH KRXUO\ PDWFKLQJ
EHWZHHQ WKHHOHFWULFDOGHPDQGDQGWKHHOHFWULFLW\SURGXFHGYLD WKH39V\VWHP LV
FDUULHGRXWXVLQJ0DWODEVRIWZDUH
7KHH[SRUWHGSULFHRI WKH HOHFWULFLW\SURGXFHGYLD WKH39 V\VWHPYDULHVKRXUO\
GHSHQGLQJRQWKHVSRWPDUNHWSULFH,WLVDVVXPHGWREHHTXDOWRWKHVSRWPDUNHW
SULFHPLQXVDFN:KPDUJLQ IHHDQGDFN:KRQOLQHVHUYLFH IHH>@
7KH KRXUO\ DQG DQQXDO DYHUDJH VSRWPDUNHW SULFHV RI  DUH IURP1RUG SRRO
>82@7KHDYHUDJHSULFHRI¼0:KLVXVHG,WLVDVVXPHGWKDWWKHHOHFWULFLW\
SURGXFHGYLD39KDVWKHVDPHHVFDODWLRQUDWHDVWKHLPSRUWHGHOHFWULFLW\
4.4 Case study results and discussion 
 (QHUJ\GHPDQGVRULJLQDOSXEOLFDWLRQ,9DQG9
)LJXUH  VKRZV WKH LPSDFW RI LPSOHPHQWLQJ WKH VHSDUDWH DIRUHPHQWLRQHG
EXLOGLQJ ((0V WR WKH UHIHUHQFH RIILFH EXLOGLQJ 7KH UHIHUHQFH EXLOGLQJ KDV WKH
PDLQ((0VRIZDOOZLQLQIDQG%6637KHRSWLRQVRI((0VDUHWZRZDOO
RSWLRQV ZDOO  DQG  WKUHHZLQGRZ W\SHV ZLQ   DQG  WKUHH LQILOWUDWLRQ
OHYHOVLQIDQGDQGWZRRSWLRQVRIEXLOGLQJDVHUYLFHV\VWHPSDFNDJH%663
DQG$SSHQGL[$DGGHGVHSDUDWHO\WRWKHUHIHUHQFHEXLOGLQJ7KHVLPXODWHG
DQQXDO GHPDQGV DUH  N:KPD IRU KHDWLQJ  N:KPD IRU FRROLQJ DQG 
N:KPD IRU HOHFWULFLW\ 7KH PRVW HIILFLHQW SDFNDJH DPRQJ WKH VHSDUDWH ((0









$OVR WKH+9$&DX[LOLDU\V\VWHPDQG WKH OLJKWLQJ HOHFWULFDOGHPDQGGHFUHDVHE\
DQGUHVSHFWLYHO\*HQHUDOO\VSHDNLQJWKHH[WHUQDOZDOOZLWKORZ8YDOXH
DQG ORZHU LQILOWUDWLRQ OHYHO WKDQ WKH UHIHUHQFH RQH KDV D ORZHU KHDWLQJGHPDQG
DQGDKLJKHUFRROLQJGHPDQG7KHZLQGRZW\SHVDQGUHGXFHWKH63&GHPDQG




Figure 23 Annual energy demands of the reference building (consists of wall 1, win 1, inf 1, and 
BSSP 1) and the effect of changing one EEM on the reference building (indicated by EEM changed 





D[LV KHDWLQJ GHPDQG EHWZHHQ WKH WZR JURXSV RI EXLOGLQJ ((0 FRPELQDWLRQV
ZLWK%663DQGWKHRWKHUJURXSZLWK%663	LVGXHWRWKHODUJHUHGXFWLRQRI
WKH63+GHPDQGVZKHQWKH%663	DUH LPSOHPHQWHG LQVWHDGRI%663$OO
EXLOGLQJ((0FRPELQDWLRQVRI WKH%663KDYHD FRQVWDQW HOHFWULFDOGHPDQGRI
 N:KPD ZKLOH WKRVH RI %663  DQG  KDYH DSSUR[LPDWHO\ WKH HOHFWULFDO
GHPDQG RI  N:KPD ZKHUH LW YDULHV EHWZHHQ  N:KPD DQG 
N:KPD LQ DFFRUGDQFH ZLWK WKH IDQ SRZHU RI WKH YHQWLODWLRQ V\VWHP DQG WKH
63 
GD\OLJKWFRQWURO,WFDQEHFRQFOXGHGWKDWQRWRQO\IRUQHZEXWDOVRIRUUHWURILWWHG




Figure 24 Heating, Cooling, and electrical demands of the 144 building EEM combinations. (Original 
publication IV and V) 
 &RVWRSWLPDOLW\FDOFXODWLRQ
8VLQJ WKH ILQDQFLDO FDOFXODWLRQ PHWKRG WKH LQFUHPHQWDO OLIHF\FOH FRVW LV
FDOFXODWHG IRU DOO FDVHV WDNLQJ LQWR DFFRXQW WKH SDLG FRVWV RI WKH FXVWRPHU
LQFOXGLQJDOODSSOLFDEOHWD[HV7KH'+9&5V\VWHPSDFNDJHVHUYLQJWKHUHIHUHQFH
EXLOGLQJ LV WKH UHIHUHQFHFDVHZKLFKKDVDG/&&HTXDO WR¼PDV LQGLFDWHG LQ
6HFWLRQ





OLPLWHG WRN:KPD IRUQHZRIILFHEXLOGLQJ7KHUHIRUH WKH IRVVLO IXHOEDVHG
&+3V LQFOXGLQJ 1*,&(9&5 1*P79&5 DQG ',&(9&5 ZLWK DOO EXLOGLQJ
FRPELQDWLRQVRI%663DUHQRWDSSURSULDWHWREHDKHDWLQJV\VWHPRSWLRQGXHWR






7KH FDVHV RI EXLOGLQJ FRPELQDWLRQV RI %663 	ZLWK'+9&5'+'& 3%
9&5DQG*6+3*&DVFRQYHQWLRQDO+&(*6V3%$&25&9&5DQG6(9&5
KDYHDQHJDWLYHG/&&VKRZLQJ WKHHFRQRPLF VDYLQJV LQ UHVSHFW WR WKH UHIHUHQFH
FDVHV 7KLV LV GXH WR UHGXFLQJ ERWK WKH LQYHVWPHQW FRVW RI +&(*6V DQG WKH
HQHUJ\ FRVW WKURXJK WKH EXLOGLQJ¶V OLIH VSDQ $GGLWLRQDOO\ WKH FDVHV RI %663 
JURXSZLWK3%9&5DQG*6+3*&KDYHDOVRG/&&OHVV WKDQ WKH UHIHUHQFHFDVH
7KH SHOOHW ERLOHU WHFKQRORJ\ ZKLFK LV D PDWXUH SURGXFW ZLWK WKH DGYDQWDJH RI
UXQQLQJRQDQDEXQGDQFHRIELRPDVVIXHOVUHTXLUHVUHODWLYHO\ORZLQYHVWPHQWDQG
DQQXDOFRVWV7KHSHOOHWIXHOSULFHDQGLWVHVFDODWLRQUDWHDUHWKHORZHVWDPRQJDOO
HQHUJ\ FDUULHUV7KH*6+3*& LV D ORZRSHUDWLQJFRVW HQYLURQPHQWDOO\ IULHQGO\
+&(*6
5HJDUGLQJ WKHPXOWLJHQHUDWLRQV\VWHPV VKRZQ LQ)LJXUH LW FDQEHQRWLFHG
WKDW ELRPDVVEDVHG&+3 WHFKQRORJLHVZLWK D KLJK3+UDWLR VXFK DV ,)*7DQG
,&(FDQQRWFRPSHWHZLWKWKHFRQYHQWLRQDOV\VWHPVGXHWRWKHIROORZLQJUHDVRQV
7KH ILUVW RQH LV WKH KLJK LQYHVWPHQW FRVW UHODWLQJ WR KLJK KHDWLQJ DQG HOHFWULFDO
FDSDFLWLHV DV ZHOO 7KH VHFRQG UHDVRQ LV WKDW KLJK 3+ UDWLR ZKLFKPHDQV ORZ
WKHUPDO HIILFLHQF\ \LHOGV WR KLJK RSHUDWLRQDO FRVW VLQFH WKH &+3 RSHUDWLRQDO
VWUDWHJ\ LV WKHUPDO WUDFNLQJ 2Q WKH FRQWUDU\ WKH ELRPDVVEDVHG &+3




UHVSHFW WR WKHQHW3( FRQVXPSWLRQ )URPDQ HFRQRPLFSRLQWRI YLHZ WKHG/&&
LQFUHDVHV VLJQLILFDQWO\ DV D UHVXOW RI LQFUHDVH LQ WKH LQYHVWPHQW FRVW RI ERWK






Figure 25 Incremental life-cycle cost (dLCC) versus imported primary energy (PE) for all building 
EEM combinations integrated with H/C-EGSs. Filled and unfilled markers refer to BSSP 1 and 
BSSP 2&3 combinations, respectively. The dashed lines link visually between the two groups for 
each H/C-EGS. (Original publication IV) 
7DEOH  VKRZV WKH FRVWRSWLPDO DQGPLQLPXP HQHUJ\ SHUIRUPDQFH VROXWLRQV
UHJDUGLQJWKHLPSRUWHG3(IRUDOO+&(*6V7KHUHIHUHQFHFDVHKDVDQLPSRUWHG
3(RIN:KPD7KHJOREDO FRVWRSWLPDO VROXWLRQEHORQJLQJ WR WKH*6+3
*&KDVDG/&&RI¼PDQGDQLPSRUWHG3(RIN:KPDZLWKDQRYHUDOO
VDYLQJVRIZLWKUHVSHFWWRWKHUHIHUHQFHFDVH,WVEXLOGLQJ((0FRPELQDWLRQV
DUHZDOO ZLQ  DQG LQI  DQG%663  7KH*6+3*& LV D ORZRSHUDWLQJFRVW




5HJDUGLQJ WKHPXOWLJHQHUDWLRQ V\VWHPV WKH25&9&5 DQG 6(9&5 KDYH WKH
ORZHVW G/&& DPRQJ DOO &+3 DQG &&+3 V\VWHPV RI  ¼P DQG  ¼P
UHVSHFWLYHO\FRUUHVSRQGLQJWRDQLPSRUWHG3(RIN:KPDDQGN:KPD







  7KHUHIRUH GXH WR LQSXWV GDWD XQFHUWDLQW\ HDFK RI WKHVH V\VWHP
FRPELQDWLRQV *6+3*& 3%9&5 '+9&5 25&9&5 6(9&5 DQG '+'&
FRXOGEHWKHJOREDOFRVWRSWLPDOVROXWLRQ
66 
$V VKRZQ LQ 7DEOH  WKH ORFDO FRVWRSWLPDO VROXWLRQV IRU DOO ELRPDVVEDVHG
&+3VDQG1*,&59&5KDYHEXLOGLQJ((0FRPELQDWLRQVRIZDOOZLQLQI
DQG %663  DV WKH FRVW HIIHFWLYH ((0V IRU ERWK KHDWLQJ DQG FRROLQJ GHPDQGV
2QFHWKH$&DQG'&FRROLQJV\VWHPVDUHLPSOHPHQWHGWKHUHLVQRQHHGWRLQYHVW
PRUH LQ WKH LQILOWUDWLRQ OHYHO GXH WR GHSHQGHQF\ RQ WKH ORZHVW HQHUJ\ FDUULHUV¶
FRVWV7KHUHIRUHWKH'+'&DQGDOO&&+3VKDYHEXLOGLQJ((0FRPELQDWLRQVRI
ZDOOZLQ LQI DQG%663+RZHYHU IRU WKH*6+3*&3%9&5DQG'+
9&5ZKLFKKDYHWKHORZHVWG/&&DQGWKHKLJKHVWKHDWLQJHIILFLHQF\DQGRU&23
WKHUHLVQRQHHGWRLQYHVWPRUHLQWKHEXLOGLQJ((0VRQO\LPSOHPHQWLQJWKHPRVW
HIILFLHQW ((0 LH %663  	  LQ WKH UHIHUHQFH EXLOGLQJ 'XH WR KLJK HQHUJ\
SULFHV RI WKH IRVVLO IXHO VXSSOLHG WR WKH IRVVLO IXHOEDVHG &+3V WKH ORFDO FRVW
RSWLPDO VROXWLRQVKDYHKLJK OHYHOV RI WKH EXLOGLQJ((0FRPELQDWLRQVRIZDOO 






V\VWHP SDFNDJH¶V UHOLDELOLW\ VRFLDO DFFHSWDQFH ORFDO HPLVVLRQ DGGLWLRQDO VSDFH





Table 15 Local cost-optimal and minimum energy performance solutions (imported PE) and their 
building EEM combinations for each H/C-EGS, as well as the reference case. The H/C-EGSs are in 
ascending order according to the dLCC of the cost-optimal solutions. (Original publication IV) 

































Ref. case 0 162 0 [1, 1, 1, 1] 4484 - - - - - 
           
GSHP-GC -83 107 0 [1, 1, 1, 2] 2946 -59 99 0 [3, 4, 4, 3] 2733 
PB-VCR -82 117 0 [1, 1, 1, 2] 3233 -62 108 0 [3, 4, 4, 3] 2971 
DH-VCR -73 121 0 [1, 1, 1, 2] 3347 -58 110 0 [3, 4, 4, 3] 3047 
ORC-VCR -55 113 6 [2, 2, 4, 2] 3127 -37 109 5 [3, 4, 4, 3] 3000 
SE-VCR -49 112 8 [2, 2, 4, 2] 3101 -32 108 6 [3, 4, 4, 3] 2977 
PB-AC -39 121 0 [2, 2, 1, 2] 3330 -19 113 0 [3, 4, 4, 3] 3116 
DH-DC -36 119 0 [2, 2, 1, 2] 3280 -22 109 0 [3, 4, 4, 3] 3016 
NG-ICE-
VCR 
7 153 20 [2, 2, 4, 2] 4212 12 140 16 [3, 4, 4, 3] 3870 
IFGT-VCR 16 115 17 [2, 2, 4, 2] 3183 33 110 14 [3, 4, 4, 3] 3033 
ICE-VCR 22 121 17 [2, 2, 4, 2] 3332 49 114 14 [3, 4, 4, 3] 3154 
ORC-AC 45 119 10 [2, 2, 1, 2] 3283 65 110 7 [3, 4, 4, 3] 3036 
NG-mT-
VCR 
59 157 31 [2, 4, 4, 3] 4321 62 156 30 [3, 4, 4, 3] 4297 
SE-AC 59 117 12 [2, 2, 1, 2] 3224 79 108 9 [3, 4, 4, 3] 2981 
D-ICE-VCR 74 157 26 [2, 4, 4, 3] 4322 77 156 25 [3, 4, 4, 3] 4297 
IFGT-AC 232 126 34 [2, 2, 1, 2] 3474 251 115 26 [3, 4, 4, 3] 3183 




LQ D  P PRGXOH VWHS LV LQVWDOOHG ³RQVLWH´ UHDFKLQJ  P ZKLFK LV
DSSUR[LPDWHO\HTXDOWRWKHURRIDUHDRIWKHRIILFHEXLOGLQJZKLOHD39V\VWHPRYHU
P LWKDV WREH LQVWDOOHG ³QHDUE\´7KH ORFDO FRVWRSWLPDO VROXWLRQV IRU DOO
+&(*6V DUH H[WHQGHGE\ LQVWDOOLQJ D39 DUHD HTXDO WR WKHPD[LPXP39DUHD
GHWHUPLQHGWRDFKLHYHWKH1=(%EDODQFHEHWZHHQWKHLPSRUWHGDQGH[SRUWHG3(
DV JLYHQ LQ 7DEOH  ,W FDQ EH QRWLFHG WKDW D 39 DUHD   P KDV D VPDOO
LQFUHDVH LQ WKH G/&& 7KH UHDVRQ LV SULPDULO\ UHODWHG WR WKH KLJK FRUUHODWLRQ
EHWZHHQWKH39HOHFWULFLW\SURGXFWLRQDQGWKHHOHFWULFDOGHPDQG7KHSHUFHQWDJH
RI WKH RQVLWH XWLOL]HG HOHFWULFLW\ YDULHV EHWZHHQ  DQG GHSHQGLQJ RQ WKH
+&(*6+RZHYHUD VPDOO DGGLWLRQ/&& LVREVHUYHGDV WKHGLIIHUHQFHEHWZHHQ
ERWK WKH LQYHVWPHQW FRVW RI D 39 V\VWHP DQG WKH H[SRUWHG HOHFWULFLW\ DQG WKH
DQQXDOFRVWVDYLQJVRIWKHLPSRUWHGHOHFWULFLW\2YHUDP39DUHDZKHUHWKH
68 
39 DUHD KDV WR EH LQVWDOOHG QHDUE\ WKH SHUFHQWDJH RI RQVLWH XWLOL]HG HOHFWULFLW\
SURGXFHGE\WKH39V\VWHPGHFUHDVHVDQGWKHG/&&LQFUHDVHVUDSLGO\GXHWRWKH
ORZIHHGLQWDULIIRIWKHH[SRUWHGHOHFWULFLW\7KHG/&&RIWKHH[WHQGHGORFDOFRVW






Figure 26 The incremental life-cycle cost of implementing a PV system in 200 m2 modules versus 
the imported PE for the local cost-optimal solutions of each H/C-EGS. The GSHP-GC has two 
extensions based on local cost-optimal (filled marker) and minimum energy performance solutions 
(unfilled marker). The IFGT-AC and ICE-AC are out of the dLCC range. The EEM combinations and 
maximum PV area achieving the NZEB are given in Table 15. (Original publication IV) 
 6HQVLWLYLW\DQDO\VLV
7KH VHQVLWLYLW\ DQDO\VLV ZDV FDUULHG RXW WR VKRZ WKH HIIHFW RI GLIIHUHQW UHDO
GLVFRXQWUDWHVRQWKHORFDOFRVWRSWLPDOVROXWLRQVIRUDOO+&(*6V7KHEDVLFUHDO
GLVFRXQW UDWH XVHG DV DIRUHPHQWLRQHG LV  7KH RWKHU WKUHH UHDO GLIIHUHQW
GLVFRXQWUDWHVDUHDQG)LJXUHVKRZVWKHLPSRUWHG3(DQGG/&&
RI WKH ORFDO FRVWRSWLPDO VROXWLRQVZKHUH WKH+&(*6V DUH LQ DVFHQGLQJ RUGHU
EDVHGRQWKHLUG/&&RI WKHEDVHFDOFXODWLRQRIRI WKHUHDOGLVFRXQWUDWH7KH
G/&&LV FDOFXODWHGUHODWLYH WR LWVUHIHUHQFHFDVHFRVWZLWKWKHVDPHUHDOGLVFRXQW
UDWHWKHUHIRUH WKHFRVWVRIUHIHUHQFHFDVHVZLWKDOOUHDOGLVFRXQWUDWHVDUHGUDZQ
RQ ]HUR YDOXH 7KH FKDQJH RI WKH LPSRUWHG 3( IRU WKH VDPH +&(*6V ZLWK
69 
GLIIHUHQWUHDOGLVFRXQWUDWHVPHDQVDFKDQJHLQLWVFRVWRSWLPDOVROXWLRQV¶EXLOGLQJ
((0 FRPELQDWLRQV ,W FDQ EH FRQFOXGHG WKDW WKH *6+3*& LV D JOREDO FRVW
RSWLPDOVROXWLRQZLWKORZUHDOGLVFRXQWUDWHVRIDQG7KH'+9&5DQG3%
9&5 EHFRPH WKH JOREDO FRVWRSWLPDO VROXWLRQV ZLWK  DQG  UHDO GLVFRXQW
UDWHV UHVSHFWLYHO\ 7KH '+9&5 DQG '+'& EHFRPH PRUH HFRQRPLF WKDQ WKH
25&9&5DQG6(9&5ZLWKKLJKUHDOGLVFRXQWUDWHVRIDQG$OOELRPDVV








Figure 27 The cost-optimal solutions versus the imported PE consumption for each heating/cooling 
system package at different discount rates. The H/C-EGSs are in ascending order according to the 
cost-optimal solutions obtained from base calculation with a 3% discount rate. (Original publication 
IV) 
4.5 Effect of optimizing the biomass-based CHP’s capacity on the 
cost optimal results (Original publication V) 
,QRULJLQDOSXEOLFDWLRQ,9WKHPXOWLJHQHUDWLRQV\VWHPVLQFOXGLQJWKH&+3DQG
WKH &&+3 V\VWHPV DUH VL]HG WR FRYHU WKH WRWDO SHDN WKHUPDO KHDWLQJ GHPDQG
UHTXLUHGIRUERWKKHDWLQJDQGFRROLQJSXUSRVHVUHVSHFWLYHO\2ULJLQDOSXEOLFDWLRQ
9 DLPV DW LQYHVWLJDWLQJ ZKHWKHU WKH UHVXOWV RI RULJLQDO SXEOLFDWLRQ ,9 ZLOO EH
FKDQJHGRUQRWLIWKHVPDOOVFDOHELRPDVVEDVHG&+3V\VWHPFDSDFLW\LVRSWLPDOO\
VL]HG WR EH D UDWLR RI WKH WKHUPDO SHDN GHPDQG ZKLOH WKH UHPDLQLQJ KHDWLQJ
70 
WKHUPDO GHPDQG FDQ EH FRYHUHG E\ DQ DX[LOLDU\ SHOOHW ERLOHU ,W ZDV FRQFOXGHG
IURPRULJLQDO SXEOLFDWLRQ ,9 WKDW WKH3%9&5 V\VWHPZDV UDQNHG DV WKH VHFRQG




4.6 Optimizing the biomass-based CHP’s capacity  
7KHVDPHPHWKRGRORJ\DVSUHVHQWHGLQ6HFWLRQLV IROORZHGDVZHOODVVDPH
WKH RIILFH EXLOGLQJ DQG ((0V ,QVWHDG RI LQYHVWLJDWLQJ VL[WHHQ+&(*6V RQO\

















































Figure 28 An example for the optimization process of the biomass-based SE capacity and pellet 
boiler as an auxiliary system.  Point A indicates the selected optimal point based on variation of the 
cost with the net PE. Point B indicates the constrained limit based on minimum capacity of small 
scale CHP of 30 kWe. Left figure for the reference building with BSSP 1 and the right one with 
BSSP 2. 
4.7 Results of optimizing the CHPs’ capacities (original publication V) 
)LJXUH  VKRZV WKH FRVW RSWLPDO FXUYHV LQFOXGLQJ DOO VROXWLRQV ZKLFK KDYH
HLWKHUPLQLPXP G/&& RU LPSRUWHG 3( ZKHQ WKH &+3V¶ FDSDFLWLHV DUH VL]HG WR




WKH ORFDO FRVWRSWLPDO DQGPLQLPXPHQHUJ\ SHUIRUPDQFH VROXWLRQV IRU DOO+&
(*6VDIWHURSWLPL]LQJ WKH&+3FDSDFLWLHV7KHVROXWLRQVSDFH LVVKUXQN WREH LQ









VWUDWHJ\ RI WKHUPDO WUDFNLQJ7KH ,&(9&5V\VWHPUHFRUGV WKHKLJKHVW LPSRUWHG
3(DQGG/&&ZKLOH LWKDV WKHKLJKHVWH[SRUWHG3(7KHHIIHFWRIRSWLPL]LQJWKH
&+3V¶ FDSDFLWLHV LV OLPLWHG7KH ORFDO FRVW RSWLPDO VROXWLRQ RI 6(9&5EHFRPHV
OHVV WKDQ WKDW RI 25&9&5 $OVR WKH ORFDO FRVW RSWLPDO RI ,)*79&5 EHFRPHV
PRUH HFRQRPLF WKDQ WKDW RI '+'& *HQHUDOO\ WKH LQYHVWLJDWHG VPDOO VFDOH




Figure 29 The cost optimal curve for all studied H/C-EGSs. (Original publication V) 

Figure 30 The cost optimal curve for all studied H/C-EGSs after optimizing the CHP capacities. 
(Original publication V) 
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4.8 NZEB costs with optimizing the CHPs’ capacities
7KH 1=(% FDOFXODWLRQV DUH FDUULHG RXW E\ H[WHQGLQJ WKH FRVWRSWLPDO DQG
PLQLPXPHQHUJ\SHUIRUPDQFHVROXWLRQVE\LQVWDOOLQJPDVDPRGXOHVWHSDV
VKRZQ LQ)LJXUH ,W FDQEHQRWLFHG WKDW WKHG/&&RI WKH H[WHQGHG ORFDO FRVW









Figure 31 The dLCC of implementing a PV system in 200 m2 modules versus the imported PE for 
the local cost-optimal solutions (filled marker) and minimum energy performance solutions (unfilled 
marker) after optimizing the CHP capacities. (Original publication V) 
4.9 Summary 
6HFWLRQZDVDFRPSUHKHQVLYHLQYHVWLJDWLRQRIWKHHFRQRPLFDQGHQYLURQPHQWDO
YLDELOLW\ RI VPDOO VFDOH ELRPDVV DQG IRVVLO IXHOEDVHG PXOWLJHQHUDWLRQ
WHFKQRORJLHV VHUYLQJ DQ RIILFH EXLOGLQJ LQ +HOVLQNL )LQODQG 7KH LQYHVWLJDWLRQ
GRHV QRW RQO\ ORRN DW WKH FRVW RSWLPDO DQG PLQLPXP HQHUJ\ SHUIRUPDQFH
VROXWLRQVEXWLWLVH[WHQGHGWRDQDO\]HQHDUO\DQGQHW]HURHQHUJ\RIILFHEXLOGLQJ
7KH JOREDO FRVWRSWLPXP EHORQJV WR WKH JURXQG VRXUFH KHDW SXPS ZLWK IUHH
JURXQG FRROLQJ 7KH LQYHVWLJDWHG ELRPDVVEDVHG &+3V DUH HFRQRPLFDOO\ YLDEOH
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DQG HQYLURQPHQWDOO\ 7KH UHVXOWV VKRZ WKDW WKH JURXQG VRXUFH KHDW SXPSZLWK





IRVVLO IXHOEDVHG &+3V ZLWK KLJK RSHUDWLRQDO FRVWV DUH WKH ZRUVW VROXWLRQ







WKURXJK ODVW GHFDGH 0DNLQJ EXLOGLQJV YHU\ HQHUJ\ HIILFLHQW PLJKW EH D VWHS
WRZDUGUHDFKLQJ WKH1=(%EDODQFHEXW DORQH LW LVQRW VXIILFLHQW ,QWHJUDWLQJ WKH
UHQHZDEOH HQHUJ\ V\VWHPV KHQFH LV DQ LPSRUWDQW VWHS WRZDUG DFKLHYLQJ1=(%
EDODQFHDVDWDUJHW7KHLQWHUQDWLRQDOHIIRUWVFDUULHGRXWRQWKH1=(%GHILQLWLRQ
DQG VXUYH\LQJ WKH EXLOWSURMHFWVZKLFK FDQEH ODEHOHG DV1=(%SURMHFWV GRQRW
EULQJHQRXJKLQIRUPDWLRQDQGNQRZOHGJHWKDWKHOSWKHGHFLVLRQPDNHUVWRGHILQH
WKH 1=(% ZLWKLQ WKH QDWLRQDO )LQQLVK FLUFXPVWDQFHV ,Q WKH OLJKW RI WKDW WKH
1=(%GHILQLWLRQDQG LWVDSSOLFDELOLW\KDYHEHHQ LQYHVWLJDWHGFRPSUHKHQVLYHO\ LQ
WKLV WKHVLV WR FRYHU WKH PRVW LPSRUWDQW DVSHFWV RI WKH 1=(% GHILQLWLRQ WR EH
GHILQHG LQFRQVLVWHQWZD\XQGHU)LQQLVKFLUFXPVWDQFHV7KH LQYHVWLJDWHGDVSHFWV
LQFOXGH WKH 1=(% EDODQFHPHWULF RULJLQDO SXEOLFDWLRQ , WKH HQHUJ\ PDWFKLQJ
FDSDELOLW\ RULJLQDO SXEOLFDWLRQ ,, DQG ,,, DQG WKH HFRQRPLF YLDELOLW\ RULJLQDO
SXEOLFDWLRQ ,9 DQG9 7KH FRPPRQ IDFWRU DPRQJ WKHVH VWXGLHV LV SD\LQJPRUH
DWWHQWLRQWRLQWHJUDWHGUHQHZDEOHHQHUJ\V\VWHPVHVSHFLDOO\WKHPXOWLJHQHUDWLRQ
V\VWHPVLQFOXGLQJWKHPLFURDQGVPDOOVFDOHELRPDVVDQGELRV\QJDVEDVHG&+3
DQG ELRPDVV EDVHG &&+3 WHFKQRORJLHV JLYHQ WKDW ELRPDVV KDV WKH KLJKHVW
UHQHZDEOHHQHUJ\VRXUFHVKDUHRILQ LQ)LQODQG7KHHQWLUHZRUNZDV
GRQHXVLQJVLPXODWLRQDSSURDFK
5HJDUGLQJ WKH 1=(% GHILQLWLRQ LQYHVWLJDWLRQ DQG LWV EDODQFH PHWULF WKH
FRPSDULVRQEHWZHHQ WKH IRXU FRPPRQ1=(%GHILQLWLRQV1=(%3(1=(%VLWH
1=(%HPLVVLRQ DQG1=(%FRVW FRQVLGHULQJ WKH IRXUPHWULFVRI SULPDU\ HQHUJ\
3(VLWHHQHUJ\&2HTHPLVVLRQVDQGHQHUJ\FRVWUHVSHFWLYHO\XVLQJZHLJKWLQJ
IDFWRUV EDVHG RQ )LQQLVK DQG LQWHUQDWLRQDO UHIHUHQFH GDWD ZDV FRQGXFWHG 7KH
DQDO\VLV LQFOXGHG ILYH FRQYHQWLRQDO HQHUJ\ V\VWHPV DQG VHYHQ ELRPDVVEDVHG
VWDQGDORQHDQGVKDUHG&+3V\VWHPVFRQQHFWHGWRDVLQJOHIDPLO\KRXVHORFDWHGLQ




WKH HOHFWULFDO JULG LV WKH RQO\ WZR ZD\ HQHUJ\ IORZ FRQVLGHUHG 0RUHRYHU
LPSURYLQJ WKH KRXVH WKHUPDO HQHUJ\ HIILFLHQF\ IRU DOO WKH VWXGLHG LQWHJUDWHG
V\VWHPV LV D VWHS WRZDUGVDFKLHYLQJ1=(%3(1=(%FRVW DQG1=(%VLWHZKLOH
WKDWKDVD UHYHUVHHIIHFWRQ WKHEDODQFHDFKLHYHPHQWRI1=(%)LQQLVKHPLVVLRQ
76 
IRU WKH ELRPDVVEDVHGPLFUR DQG VKDUHG &+3V 7KH ORFDO VKDUHG ELRPDVV &+3
V\VWHPVKDYLQJEHWWHUFKDUDFWHULVWLFVLHKLJKRYHUDOOHIILFLHQF\DQGSRZHUWRKHDW
UDWLR 3+ DUH XSWRGDWH EHWWHU VROXWLRQV WKDQ GRPHVWLF VFDOH ELRPDVV &+3
RQHVIURPDFKLHYLQJWKH1=(%EDODQFHSRLQWRIYLHZ
5HJDUGLQJ WKHHQHUJ\PDWFKLQJFDSDELOLW\ WKLVZHLJKWHGPDWFKLQJ LQGH[:0,
ZDVSURSRVHGEDVHGRQVL[H[WHQGHGPDWFKLQJLQGLFHVZKLFKUHSUHVHQWVL[DVSHFWV
RIWKHPDWFKLQJFDSDELOLW\RIWKHDVVHVVHGRQVLWHHOHFWULFDOKHDWLQJDQGFRROLQJ
HQHUJ\ 7KLV :0, ZDV FDOFXODWHG E\ WKH VXP RI VL[ WHUPV HDFK WHUP EHLQJ D
PXOWLSOLFDWLRQRIRQHH[WHQGHGLQGH[E\DFHUWDLQZHLJKWLQJIDFWRU7KHZHLJKWLQJ
IDFWRUUHSUHVHQWVWKHSUHIHUHQFHIRUDFHUWDLQDVSHFWRIWKHPDWFKLQJDQGWKHVXP
RI WKH ZHLJKWLQJ IDFWRUV LV RQH 7KH :0, ZDV LPSOHPHQWHG WR DQDO\]H WKH
PDWFKLQJDQDO\VLVRIWKH&+3XQLWVIRUPHHWLQJWKHHOHFWULFDODQGWKHUPDOKHDW
GHPDQGV RI D VLQJOH IDPLO\ KRXVH XQGHU GLIIHUHQW VFHQDULRV IRU WKH ZHLJKWLQJ
IDFWRUV¶ UHODWLRQ EHWZHHQ HDFK RWKHU UHIOHFWLQJ YDULRXV LPSDFWV VXFK DV WKH
HQYLURQPHQWDO LQIOXHQFH HFRQRPLF EHQHILW DQG SROLWLFDO GHFLVLRQV 7KH UHVXOWV
VKRZHG WKH LQIOXHQFH RIZHLJKWLQJ IDFWRUV¶ VHOHFWLRQ RQ WKH ILQDO FRPSUHKHQVLYH
PDWFKLQJUHVXOWV7KHUHDIWHU WKHTXHVWLRQWKDWKRZFDQWKHZHLJKWLQJIDFWRUVEH
GHILQHG SK\VLFDOO\ DQG PDWKHPDWLFDOO\ ZDV DQVZHUHG LQ WKH FDVH RI &+3
RSHUDWHG XQGHU WKHUPDO DQG HOHFWULFDO WUDFNLQJ ZLWK DQG ZLWKRXW LQVWDOOLQJ 39
DQGRU 67& PRGXOHV IXOILOOLQJ WKH 1=(% EDODQFH 7KH ZHLJKWLQJ IDFWRUV
FDOFXODWLRQ PRGHO ZDV EDVHG RQ WKH QRQUHQHZDEOH SULPDU\ HQHUJ\ 153(
IDFWRUV RU DQ\ RWKHU FUHGLWLQJ IDFWRUV OLNH&2 HPLVVLRQ IDFWRU RI WKHGLIIHUHQW
HQHUJ\ FDUULHUV FURVVLQJ WKH EXLOGLQJ ERXQGDU\ 7KH VXJJHVWHG PRGHO ZDV
SURSRVHGWRUHIOHFW WKHWZRRSSRVLWHH[WUHPHPDWFKLQJVLWXDWLRQV LQ1=(%LD
ORDGPDWFKLQJ SULRULW\ VWUDWHJ\ PD[LPL]LQJ WKH ORDG PDWFKLQJ LL DQ HQHUJ\







5HJDUGLQJ WKH HFRQRPLF YLDELOLW\ WKH ORFDO DQG JOREDO FRVW RSWLPDO VROXWLRQV
ZHUH GHWHUPLQHG LQ FRPSOLDQFH ZLWK WKH (QHUJ\ 3HUIRUPDQFH RI %XLOGLQJV
'LUHFWLYH (%3' FRPSDUDWLYH IUDPHZRUN PHWKRGRORJ\ 7KH DQDO\VLV LQFOXGHV





UHVXOWV VKRZHG WKDW WKH JOREDO FRVWRSWLPDO VROXWLRQ LV WKH JURXQG VRXUFH KHDW
SXPS ZLWK IUHH JURXQG FRROLQJ 7KH LQYHVWLJDWHG ELRPDVVEDVHG &+3V DUH
HFRQRPLFDOO\ YLDEOH RQO\ ZLWK KLJK RYHUDOO HIILFLHQF\ DQG ORZ 3+ UDWLR GXH WR
77 
ERWK ORZ LQYHVWPHQW DQG RSHUDWLRQDO FRVWV 7KH UHVXOWV VKRZHG DOVR WKDW WKH
ELRPDVVEDVHG&&+3VGRQRWKDYHHFRQRPLFRUHQYLURQPHQWDOEHQHILWVRYHUWKH
















6. Future work 
7R KHOS GHFLVLRQ PDNHU LQ OHJLVODWLRQ UHJDUGLQJ WKH 1=(% XQGHU QDWLRQDO
)LQQLVK FLUFXPVWDQFHV RWKHU 1=(%¶V DVSHFWV VKRXOG EH LQYHVWLJDWHG WR EULQJ
HQRXJK LQIRUPDWLRQ DERXW WKH LQIOXHQFHV RI LPSOHPHQWLQJ WKH 1=(% VRFLDOO\
HFRQRPLFDOO\DQGHQYLURQPHQWDOO\6RPHRI WKH1=(%¶VDVSHFWVZKLFKFRXOGEH
IXUWKHU LQYHVWLJDWHG DUH V\PPHWULF DQG DV\PPHWULF ZHLJKWLQJ V\VWHPV IRU EL
GLUHFWLRQJULGQHWZRUNVWKHHIIHFWRIWLPHGHSHQGHQWDFFRXQWLQJRIWKHZHLJKWLQJ
V\VWHPXVLQJUHIHUHQFHVIRUZHLJKWLQJIDFWRUVVXFKDV(8VWDQGDUGV(1HWF
2WKHU EXLOGLQJ W\SHV FRXOG EH LQYHVWLJDWHG ZLWK WKH 1=(% OLNH EORFNV RI IODWV
KRVSLWDOVHWFDVZHOODVLQYHVWLJDWLQJWKHWHFKQLFDODQGHFRQRPLFUHTXLUHPHQWVRI
GHHSUHQRYDWLRQIRUH[LVWLQJEXLOGLQJVLQRUGHUWRIXOILOWKH1=(%EDODQFH
5HJDUGLQJ WKH &+3 WHFKQRORJLHV WKH WHFKQLFDO FRQVLGHUDWLRQV RI SDUW ORDG
SHUIRUPDQFH RI WKH &+3 FRXOG EH IXUWKHU LQYHVWLJDWHG 'LIIHUHQW RSHUDWLRQDO
VWUDWHJLHV FRXOGEH LQYHVWLJDWHG VXFKDV HLWKHU WKH VLPSOHRSHUDWLRQDO VWUDWHJLHV
OLNHWKHUPDODQGHOHFWULFDOWUDFNLQJRUK\EULGRSHUDWLRQDOVWUDWHJ\ZKHUHRSHUDWLRQ
FDQEH FRQWUROOHG VHDVRQDOO\ RUPRQWKO\ RU EDVHG RQ DQ RSWLPL]DWLRQ WHFKQLTXH
DLPLQJ DW PLQLPL]LQJ WKH HFRQRPLF RU HQYLURQPHQWDO SHUIRUPDQFH 7KH PRVW
LPSRUWDQWLQYHVWLJDWLRQLVILHOGYHULILFDWLRQRILPSOHPHQWLQJWKH&+3WHFKQRORJLHV
E\PHDVXULQJDQGPRQLWRULQJDUHDOSURWRW\SHSURMHFW
5HJDUGLQJ WKH HQHUJ\ PDWFKLQJ DQDO\VLV LW LV ZRUWK\ WR FRQGXFW VHQVLWLYLW\
DQDO\VLVDVZHOO DVRSWLPL]DWLRQ WR LQYHVWLJDWH WKHHIIHFWRIVRPHSDUDPHWHUVQRW
FRQVLGHUHGLQWKLVVWXG\VXFKDVWKHFDSDFLW\DQGRWKHUSDUDPHWHUVRIWKHVWRUDJH
GHYLFHV VXFK DV WKHKRWZDWHU VWRUDJH WDQN RU HOHFWULFDO EDWWHU\0RUHRYHU LW LV
HVVHQWLDOWRDSSO\WKHVDPHPHWKRGRORJ\RIFDOFXODWLQJWKHZHLJKWLQJIDFWRUVRIWKH
:0,ZLWK GLIIHUHQW FDVHVZKLFK KDYH FRROLQJGHPDQG DQG DUH FRQQHFWHG WR EL
GLUHFWLRQFRROLQJWKHUPDOJULG
)LQDOO\LWLVLPSRUWDQWWRLQWHJUDWHWKHPXOWLJHQHUDWLRQWHFKQRORJLHVVXFK&+3
DQG &&+3 LQWR D PXOWLREMHFWLYH RSWLPL]DWLRQEDVHG VLPXODWLRQV WR REWDLQ WKH
RSWLPDOWUDGHRIIUHODWLRQVEHWZHHQFRQIOLFWLQJ REMHFWLYHIXQFWLRQVVXFKDV³HQHUJ\
FRQVXPSWLRQ QHW SULPDU\ HQHUJ\ FRQVXPSWLRQ RU &2HTXLYHOLHQW HPLVVLRQ´
³LQLWLDO FRVW RU OLIH F\FOH FRVW´ ³HTXLSPHQW VL]H´ DQG ³HQHUJ\PDWFKLQJ´ )XWXUH









FDVH VWXG\ H[WHUQDOZDOO LQVXODWLRQ OHYHOVZLQGRZ W\SHV LQILOWUDWLRQ OHYHOV DQG
EXLOGLQJVHUYLFHV\VWHPSDFNDJH%663YHQWLODWLRQV\VWHPDQGGD\OLJKWFRQWURO
DUH OLVWHG LQ 7DEOH $  7DEOH $  7DEOH $  7DEOH $  UHVSHFWLYHO\ 7KH
UHIHUHQFHVIRUDOOLWHPVDUHLQ2ULJLQDO3XEOLFDWLRQ,9
Table A. 1 External wall insulation levels and their cost 

















     





T-value SHGC Cost 
(€/m2) 
Description 
Win 1 1.0 0.56 0.68 250 Triple-laminated glass wood aluminum 
(Argon gas) 
Win 2 1.0 0.34 0.46 258 Triple-laminated glass wood aluminum 
(Argon gas) 
Win 3 0.85 0.29 0.42 290 Quadruple-laminated glass wood aluminum 
(Krypton gas) 
Win 4 0.7 0.2 0.3 350 Quadruple-laminated glass wood aluminum 
(Krypton gas) 
Table A. 3 Infiltration levels. 
Infiltration level   Specification n50 (1/h) Additional labor cost (€/m2 of envelope) 
Inf 1 1.0 0.0 
Inf 2 0.74 4.15 
Inf 3 0.49 8.3 
Inf 4 0.37 9.6 
 
82 
Table A. 4 Building service system packages of ventilation system, daylight control.  
System packages BSSP 1 BSSP 2 BSSP 3 
AHU #1 
Heat recovery effectiveness 0.6 0.8 0.8 
Maximum allowable exhaust air 
temperature 4.0 1.0 1.0 
Ventilation control  CAV VAV VAV 








Specific fan power (SFP) kW/( m3/s) 2 1.8 1.4 
AHU #2 
Heat recovery effectiveness - 0.55 0.55 
Maximum allowable exhaust air 
temperature 4.0 1.0 1.0 
Air flow rate (constant flow), L/(s.m²) 0.15 0.15 0.15 
Ventilation control  CAV CAV CAV 
Specific fan power (SFP) 2 1.8 1.4 
Total ventilation system cost (€/m²) 90 110 115 
Daylight control (Yes/No)  No Yes Yes 







Table B. 1 District heating and district cooling costs for business customer. 
System  Thermal capacity (kW) Installation cost (€) Annual subscription 
fees (€) 
DH 61 > Qh > 190  15500 22.7 Qh + 2753.73 
 191 > Qh > 350  24800 22.7 Qh + 2753.73 
DC 220 > Qc > 315 372 x Qc 58.28 Qc
Qh is thermal heating capacity. 
Qc is thermal cooling capacity. 
The fixed annual fees are service and subscription cost. 





Installation cost (€) Annual operation and 
maintenance (O&M) (€) 
100 < Qh < 200  84.0 85,000 2,100 
200 < Qh < 350  84.0 100,000 2,100 
350 < Qh < 600  84.0 130,000 2,100 
Table B. 3 GSHP performance and costs. 
Item cost  unit 
Boreholes drilling 33.45 €/m 
Piping of the ground heat exchanger 15  €/m2 of gross building area 
Heat pump equipment  325  €/kW 
  
Table B. 4 Vapor compression refrigeration (VCR) cooling system and absorption chiller system 
performance and costs. 
System  COP Installation cost (€) Annual O&M (€) 
Vapor compression refrigeration 
(VCR)  cooling system 
3.0  72020 620 
Absorption chiller (AC) system 0.7 133578 Every year = 3000 
Every 3 years = 50000 
After 10 years = 15000 






















































































































































































































































































































































































































































































































































>26@M. Osmani, A. O’Reilly. Feasibility of zero carbon homes in England by 2016: A house 

































>37@S. Nielsen, B. Möller, Excess heat production of future net zero energy buildings within 




















































































































































The net zero energy building (NZEB) has 
been paid attention to internationally 
through last decade. Under the Finnish 
circumstances, there is a lack of knowledge 
and information that can help decision 
makers to deﬁne the NZEB consistently. In 
this thesis, some of the most important 
aspects of the NZEB and its applicability are 
investigated comprehensively. These 
aspects are the balance metric, energy 
matching capability, and economic viability. 
Integrating renewable energy systems with 
high efﬁcient energy buildings to fulﬁll the  
NZEB balance is inevitable. More attention 
is paid to micro and small scale multi-
generation systems including combined 
heat and power (CHP) technologies and 
combined cooling, heating, and power 
(CCHP). The multi-generation systems 
provide energy efﬁciency and 
environmental beneﬁts due to generating 
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